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This project investigates various subjects of chassis with specific emphasis on FSAE 
application. CAE tools such as SolidWorks CAD and SolidWorks Simulation are 
utilized for the project. The design and analysis of the chassis is conducted with a 
parametric approach, which is performed in a systematic and systemic manner. Every 
progression of design is assessed and interpreted in detail in the thesis. Data of 
accelerations, which the chassis experiences during the operation of the race car, is 
also collected. Accelerometers are utilized for such task. Data acquired is interpreted 
and is related back to assumptions used in the design analysis. Stressed skin 
construction for the chassis is also researched and presented in the thesis, with physical 
tests carried out to compare the performance of stressed skin frame, “spaceframe” 
frame and bare frame. The knowledge gained from these tasks is documented in this 
thesis and to be passed to NUS FSAE race team upon completion so as to aid the 
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1.1. Competition Background 
Formula Society of Automotive Engineers (FSAE) is an annual competition instituted 
by Society of Automotive Engineers (SAE) to give universities’ undergraduates and 
graduates around the globe the opportunity to conceive, design, construct and compete 
with the small, formula-style race car. Every race car participating in this competition 
has to have high performance, be sufficiently durable and reliable to successfully 
complete all events. In this competition, race cars are not only tested under dynamic 
racing conditions, but are also judged based on their design, functionality, 
marketability and cost. Innovative design, cost-effective construction, as well as highly 
sound engineering expertise are aptly rewarded. Challenges faced in this series truly 
test the knowledge, creativity and imagination of every university race team, providing 
a great environment for young engineers to gain experience and wisdom. 
1.2. Project Background 
Since year 2003, NUS FSAE race team has been participating FSAE competition 
annually. To date, the race team has constructed eight chassis in all for their race car 
and has accumulated substantial amount of knowledge and experience in the field of 
race car engineering. Nonetheless, there is still little improvement in the development 
of the chassis.  
Every year, only approximately three months are allocated for the development of the 
race car. Within such intense period, the development of the chassis is limited. The 
understanding of the race team on the subject of chassis for FSAE application is not 
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comprehensive due to the tight schedule. The design of the chassis was somewhat 
impromptu and its final design was often not highly optimized.   
Such situation has caused the race team to carry out the development of the chassis in a 
somewhat rushing manner and the chassis was developed mainly relying upon the 
experience and intuition of the team member in-charged. At present, the evolution of 
the chassis is not on par with the development of the race car. With the goal of the race 
team as becoming the top team in FSAE competition, this is a major issue for the race 
team. This project is thus initiated with the ultimate aim of addressing this issue.  
1.3. Project Objective 
The project objective is to carry out the development of the chassis for NUS FSAE 
race car in a systematic comportment. In this project, the subject of chassis is 
researched to gain understanding, with specific emphasis on FSAE application. 
Relevant Computer-Aided Engineering (CAE) tools are researched and utilized to aid 
the development of the chassis. There are three main tasks in this project, which are, 
i. Design and Analysis of Chassis 
ii. Data Acquisition on Operation Load of Chassis 
iii. Research on the Stressed Skin Construction for Chassis 
1.4. Project Scope 
In the beginning phase of the project, the subject of chassis with specific emphasis on 
FSAE application is researched to gain more understanding. Multiple topics that are 
relevant to this intention are reviewed. Sources and highlights of these literatures are 
acknowledged and presented in this thesis. In addition, CAE tools such as SolidWorks 
CAD and SolidWorks Simulation are reviewed and utilized for the project. These CAE 
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tools, which are utilized because of their high availability to the race team, aid the 
design and analysis of the chassis. 
The design and analysis of the chassis is begun by first defining the design 
requirements of chassis for FSAE application. Then, the design methodology of 
chassis is explored and developed. With the shortlisted class of the chassis 
construction being tubular spaceframe chassis, the methodology is developed around 
this chassis construction. Nevertheless, the primary concepts are still applicable across 
all type of chassis constructions. After that, numerous designs of the chassis are 
assessed with the use of CAE tools, based upon the design methodology of chassis. 
The design and analysis of the chassis is performed in a systematic manner and the 
assessment of every design is interpreted in detail and presented in this thesis. 
The second task of this project is to acquire data on loads experienced by the chassis 
during the operation of the race car. Accelerometers (G-sensors) are utilized to carry 
out this task. Data acquired is interpreted and is related back to assumptions used in the 
design analysis. A series of forward acceleration, braking and skid pad test runs are 
planned for the data acquisition. NUS FSAE C4 race car is utilized for this task 
because of its relative high intactness. 
The investigation on the stressed skin construction for the chassis is the next task of 
this project. Stressed skin construction is researched and presented in this thesis. CAE 
tools that are used in the previous task are utilized once more for the investigation. 
Three frames, which utilize different constructions, are developed. They are “Stressed 
Skin” frame, “Spaceframe” and bare frame. Physical tests are conducted for these 
frames in order to evaluate their structural performance so as to assess the possibility 
of vastly adopting the stressed skin construction for the chassis of NUS FSAE race car.  
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The knowledge gained from these three tasks is documented in this thesis and to be 
passed to NUS FSAE race team upon completion so as to aid the development of the 


















2. Chassis of FSAE Race Car 
2.1. Function of Chassis 
The concept of chassis carries several different connotations, depending on its area of 
application. In this project, the chassis is interpreted as the primary structure of FSAE 
race car, which carries and connects all systems and components. It is essentially the 
foundation of the race car. Being the primary structure, the chassis has the fundamental 
duties of supporting the weight of all components of the race car and taking loads 
resulted from longitudinal, lateral and vertical accelerations of the race car during its 
operation without structural failure.  
On top of that, the most important role of the chassis is to provide a structural platform 
that can connect the front and rear suspension without excessive deflection. The 
chassis plays a highly significant role for the performance of the race car. If the chassis 
is not sufficiently stiff, it is merely another variable that adds unnecessary complexity 
to the race car. Other duties of the chassis include packaging management, driver 
ergonomics management and weight management. They also play essential roles in 
ensuring the high performance of the race car.  
By marking out the function of chassis for NUS FSAE race car, the envelope of 
development of the chassis is defined and all work pertain to the development of the 
chassis is carried out within this envelope. 
2.2. Attributes of Chassis 
With the function of chassis identified, there are attributes which the chassis has to 
possess to perform its duties for FSAE race car. These attributes outline the qualitative 
characteristic of the chassis and provide the foundation for the quantitative assessment 
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on its performance. They guide the design and analysis of the chassis and its 
subsequent physical test when the chassis is manufactured. Following attributes of 
chassis are by no mean comprehensive as they are established with specific emphasis 
on FSAE application. Nonetheless, these attributes are considered to be fundamental 
and essential for the chassis to fulfill its duties. They are, 
2.1.1. Weight 
Weight of the race car is critical for its performance. It influences the acceleration and 
cornering capability of the race car significantly. Therefore, the chassis, being one of 
the main components of the race car, must have the lightest weight possible in order to 
assist the race car to achieve the highest possible performance. 
2.1.2. Structural Strength 
Structural strength refers to the capability of the structure in withstanding loads. A 
chassis must have high structural strength in order to withstand high operation loads 
that are induced by the race car during the racing operation without structural failure. 
This attribute is the fundamental property for the chassis in order to fulfill the 
functionality requirement. It is also an important attribute for the safety of the race car 
because it is interrelated to other attributes of chassis that are safety associated, such as 
crashworthiness and durability.  
2.1.3. Structural Stiffness 
Structural stiffness refers to the capability of the structure in resisting deformations. A 
chassis must have high structural stiffness in order to have minimum deformations 
upon loading. This attribute plays a significant role in the performance and safety of 
the race car. As a structure that houses various vehicle systems, this attribute ensures 
that the chassis is stable for these systems to consistently perform. From the safety 
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perspective, this attribute ensures that the chassis is sufficiently stiff to provide the 
survival space needed for the driver when accidents occur. In general, there are two 
main classes of stiffness, namely structural torsional stiffness and structural bending 
stiffness; each contributes significantly to the overall structural stiffness of the chassis. 
The former is particularly important because of its significant contribution to the 
handling characteristic of the race car. Statistically, a chassis that has high structural 
stiffness almost always has high structural strength.  
2.1.4. Specific Structural Strength & Stiffness 
Specific structural strength refers to the ratio of the structural strength to the weight of 
the structure. Likewise, specific structural stiffness refers to the ratio of the structural 
stiffness to the weight of the structure. On top of having high structural strength and 
stiffness, a chassis must also have high specific structural strength and stiffness. It is 
not enough to only have high strength and stiffness. Focusing on only high strength 
and stiffness usually leads to performance compromise for the race car. Therefore, for 
the race car to be competitive in the race, the chassis has to have the highest possible 
specific structural strength and stiffness. This attribute is basically the combination of 
above three other attributes. In practice, this is utilized dominantly for the design and 
analysis of the chassis because of its encompassment of other threes. The achievement 
of this attribute is more significant than other threes. 
2.1.5. Crashworthiness 
Crashworthiness refers to the capability of a structure in protecting the occupant in 
case of accidents. A chassis must be crashworthy in order to protect the driver from 
fatality when accidents occur. It must be able to withstand the impact load and absorb 
the kinetic energy during impact. This attribute is critical for the safety of the race car. 
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With attributes of high strength and stiffness, the chassis has partially met the 
requirement of crashworthiness. It is able to hold up to its shape when accidents occur, 
thus minimize the risk of driver fatality resulted from the crushed driver compartment. 
However, this is not sufficient. In order to be fully crashworthy, the chassis must also 
be sufficiently compliant. Sacrificial impact structure is integrated to the chassis as 
energy-absorbing substructure. It helps to limit the deceleration acting on the driver 
during impact and hence reduce the risk of the driver from suffering internal trauma. In 
practice, the crashworthiness of the chassis is achieved through its compliance to 
regulations of FSAE. 
2.1.6. Durability & Reliability 
Durability of the structure refers to the capability of the structure in carrying out its 
duties beyond its expected life. Reliability of the structure refers to the capability of 
the structure in carrying out its duties with consistency within its expected life. A 
chassis must have both durability and reliability for the race car to perform 
competitively in races. Low durability and reliability in the chassis induces 
inconsistency to the performance of the race car. This inversely influences the race 
team in operating the race car and results in their poor performance in races. 
Deterioration (wear and tear) of the chassis and defects in the chassis are two main 
sources of impairment for this attribute. High engineering quality and well organized 
maintenance schedule have to be attained in order to achieve both durability and 
reliability in the chassis. In practice, this attribute is achieved for the chassis mainly 
through ensuring high quality of build and strict compliance of the maintenance 
schedule. 
2.1.7. Manufacturability & Ease of Manufacture 
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Manufacturability of the structure refers to the extent to which the structure can be 
manufactured at finite resources. A chassis must have manufacturability. This is the 
most fundamental attribute that all structures, including the chassis, must have. There 
is no purpose in engineering the best chassis, should there be one, if such a chassis is 
not feasible to be manufactured with available resources. Ease of manufacture is 
important for the chassis. It does not only help to improve manufacturability, but also 
help to facilitate small volume production of the chassis for spare purpose. Ease of 
manufacture helps to reduce manufacturing time of the chassis, which ultimately helps 
to minimize the workshop time of the race car and thus maximize its track time. In 
practice, this attribute is achieved through meticulous selection of the type of chassis 
construction to be adopted. 
2.1.8. Ease of Access, Assembly & Maintenance 
Ease of access, assembly and maintenance are essential for the chassis. These three 
virtues are closely related to each other and each is a crucial element for the other. 
Ease of maintenance aids in the execution of the maintenance schedules, thus 
improving the reliability of the race car. On the other hand, ease of assembly helps to 
ensure the proper assembly of other systems to the chassis. This reduces the overall 
assembly time of the race car and thus maximizes its track time. In order to obtain ease 
of maintenance and ease of assembly, ease of access has to be achieved, in which time 
and effort required to get into the interior of the chassis have to be moderately short 
and low. In practise, this attribute is achieved through the packaging of both the 
chassis and the race car. 
All of these attributes are not independent and they are all related to each other. Overly 
focusing on one often leads to the compromise of overall performance of the chassis. 
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This inversely influences the performance of the race car. However, it is also 
impossible to have all attributes achieved with no compromise with finite resources 
that NUS FSAE race team currently has. Therefore, balance has to be achieved 
between these attributes in order to produce a competitive chassis for the race car. 
2.3. Type of Chassis 
Ever since the invention of wheels, mankind has been attempting to create better 
modes of transport to mobilize people and cargoes from places to places. It was 
intuitive that a sort of structure has to be engineered for such purpose and this structure 
holds the key to the realization of that purpose because of its essentiality in connecting 
wheels and other important systems together. In today’s world, such structure is 
commonly known as the chassis. 
Mankind’s history does not review precisely when the first chassis was invented. 
Nevertheless, the early appearance of the chassis can be traced back in time even 
before the advent of the first horse drawn carriage. As time advances, technology of 
mankind progresses and chassis evolves. Today, the chassis of modern vehicles are 
becoming more reliable, stiffer, stronger and safer. It is even more so for the chassis of 
modern race cars.  
In the arena of racing, it was determined and well-recognized that the structural 
torsional stiffness of the chassis is important because of its significant contribution 
towards the handling characteristics of the race car. In order to produce a highly 
performing race car, it is extremely important that the race car can be tuned for optimal 
handling characteristics. Several type of chassis constructions thus emerged as 
engineers attempt to tackle the challenge of engineering the chassis for race cars.  
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These chassis constructions are reviewed to gain more insight on the development of 
the chassis for racing application. This helps NUS FSAE race team to understand the 
role the chassis in this field of application, thus aids the race team to define the 
direction of development for the chassis. 
2.3.1. Ladder Chassis 
Race cars of early days had the same kind of chassis as their passenger car 
contemporaries [i]. During that period, the configuration of the passenger car was 
almost similar to that of the horse drawn carriage. Thus, race cars and passenger cars 
in early days inherited the same chassis construction as that of the horse drawn 
carriage and it is the ladder chassis. Ladder chassis was used primarily as the structure 
for body-on-chassis construction, in which a separately manufactured body was 
mounted onto the chassis. In such construction, two parallel longitudinal beams with 
channel cross section laid on each side of the chassis and were reinforced with lateral 
cross members of the same cross section in a manner that is similar to the ladder 
configuration. The main consideration for this chassis was its structural bending 
stiffness and little attention was paid to structural torsional stiffness [i]. Ladder chassis 
was popular mainly due to its ease of manufacture and good bending stiffness. In the 
development of the race car in early days, the powertrain was focused on heavily; the 
development of the chassis was merely centered on building a sufficiently strong 
supporting platform. Nonetheless, the ladder chassis in the infancy stage of the race car 
was a good start. Engineers had the ability to easily reconfigure different systems with 
this chassis construction. Today, ladder chassis is still widely used for heavy duty 





Figure 1-Ladder chassis of a Ford street rod car [ii] 
2.3.2. Twin Tube Chassis 
With the advent of independent suspension in mid-1930, the use of the ladder chassis 
for cars became obsolete, especially in the field of racing. The then newly introduced 
independent suspension did not operate effectively because of the lack of structural 
torsional stiffness in the ladder chassis. A stiffer platform was needed in order to 
improve the performance of race cars. Ladder chassis was modified to improve its 
structural torsional stiffness by using beams with larger and closed cross section. A 
beam with closed cross section was estimated to be approximately a thousand times 
more torsionally stiff than a beam with open cross section [i]. The use of twin tube 
chassis was a logical transition from the ladder chassis as engineers were attempting to 
build chassis with better stiffness. The efficiency of the twin tube chassis is however 
usually low due to the weight increase in using beams with larger cross section. A 




Figure 2-Twin tube chassis of Lister Jaguar race car [iii] 
2.3.3. Four Tube Chassis 
As engineers sought to improve the chassis’ structural torsional stiffness, the twin tube 
chassis evolved into the four tube chassis. Using the configuration of the twin tube 
chassis as the base, two additional parallel longitudinal beams were added and were 
laid on each side of the chassis on top of the existing set of longitudinal beams. Top 
and bottom sets of longitudinal beams were connected with mainly vertical members. 
Bulkheads were started to be used to join top and bottom sets of beams [i]. With this 
chassis construction, significant increase in structural bending stiffness was resulted. 
However, there was little improvement in the structural torsional stiffness because of 





Figure 3-Four tube chassis of Lotus 21 race car [iv] 
2.3.4. Backbone Chassis 
Backbone chassis has a long history in the development of automobile and its origin is 
credited to Hans Ledwinka, an engineer from Czech automaker, Tatra. Ferdinand 
Porsche worked with him in the 1920’s and arguably learned much of his craft [i]. In 
this chassis construction, structural stiffness is derived from a large central beam 
running the full length of the car. This large central beam does not only provide the 
required structural strength and stiffness, but also provide a tunnel space in the central 
section of the chassis for housing the drive shaft that delivers power from the engine to 
the rear axle. This type of chassis construction is well suited for automobile with side-
by-side seating, with a large central spine forming a center console. Late Collin 
Chapman used this type of chassis construction successfully on one of its sport cars, 




Figure 4-Backbone chassis of Lotus Elan sport car [v] 
2.3.5. Tubular Spaceframe Chassis 
With the racing community began to realize the importance of the chassis’ structural 
torsional stiffness, engineers turned to the tubular spaceframe construction in 1950s 
and 1960s [i]. Tubular spaceframe construction was firstly initiated in the aerospace 
industry back in the era of world war two. As there were little breakthrough in the 
development of the chassis for racing application, engineers began to look for 
inspiration beyond the automobile industry and came to realize the possible application 
of the tubular spaceframe construction to the chassis construction. In this chassis 
construction, multiple extrusions are spatially arranged in a truss-liked manner. These 
extrusions are usually small in cross section and are orientated such that each chassis’ 
member is only loaded in either tension or compression. During that time, race 
engineers were astonished with this chassis construction because of its effectiveness in 
improving the chassis’ structural torsional stiffness. With the advent of the tubular 
spaceframe chassis, the development of the race car took a huge leap. As time 
progressed, race cars became lighter, faster and more predictable because of the 
excellent characteristics of tubular spaceframe chassis. Still, there are drawbacks with 
this type of chassis construction. The manufacturing of tubular spaceframe chassis is 
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usually labor-intensive and time-consuming. Elaborate fixtures and jigs are required in 
order to precisely weld the chassis. Nevertheless, the tubular spaceframe chassis was a 
major improvement in the development of the chassis despite these issues. A typical 
tubular spaceframe chassis is shown in figure 5. 
 
Figure 5-Tubular spaceframe chassis of Galmer D-Sport race car [vi] 
2.3.6. Stressed Skin/Monocoque Chassis 
New technology in the aerospace industry had again led to the next evolution in the 
development of the chassis. The combination of the development of stressed skin 
structures during the depression and the emergence of fibrous materials in late 1960s 
give birth the legendary composite stressed skin/monocoque chassis [i]. This chassis 
construction had revolutionized several top levels racing series such as Formula One 
and Indy Car Racing. With this type of chassis construction, engineers had the ability 
to construct the chassis that was with multiple functions, in which the chassis served as 
the structure, the body and the aerodynamics control surfaces. The use of advance 
composite material had resulted in an extremely light weight yet stiff chassis. The 
efficiency of the chassis as a structure and performance platform increased 
tremendously. However, experience and knowledge gained in the aerospace industry 
were not entirely applicable for the automobile, especially for the race car. One main 
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difference came from operation loads of these two different vehicles. Loads on 
aircrafts are usually widely distributed, whereas loads on race cars are usually 
concentrated. In order to effectively utilize the stressed skin chassis construction, load 
spreading substructures are required and this reduces its efficiency. In addition, the 
design and analysis of the stressed skin chassis is more complicated and a great deal of 
resources is always required. The continuous surface in the stressed skin chassis also 
considerably complicates the maintenance of the race car. These drawbacks are the 
reason why this type of chassis construction is rarely seen in racing series other than 
those high levels. A typical stressed skin chassis is shown in figure 6. 
 
Figure 6-Stressed skin/monocoque chassis of USF1 race car [vii] 
2.4. Load Cases of Chassis 
In order to ensure that the chassis can fulfill its duties for NUS FSAE race car, analysis 
have to be performed during the design of the chassis. Thus, it is important to know 
about loads that the chassis has to withstand during the operation of the race car so that 
the analysis can be conducted. In the design and analysis of the chassis for FSAE 
application, there are generally four types of static load cases. They are referenced and 
considered extensively before the analysis is carried out. These load cases are, 
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2.4.1. Lateral Bending 
 
Figure 7-Load case of lateral bending of chassis [viii] 
This load case arises when the race car navigates a corner at high speeds. Inertial 
forces induced from this maneuver impart the chassis. Magnitudes of these forces 
depend on the speed of the race car, the radius of the corner and the degree of the road 
banking. This load case is essential for areas of the chassis which are directly 
connected to the suspension. Chassis’ members in this area support the suspension 
directly and hence stresses in these members can be several time higher than those in 
members of other areas of the chassis. 




Figure 8-Load case of horizontal lozenging of chassis [viii] 
Horizontal loading load case arises when the race car brakes or accelerates. When 
there is non-uniformity in traction, horizontal lozenging load case results. Same as the 
load case of lateral bending, this load case is essential for areas of the chassis which 
are directly connected to the suspension. 
2.4.3. Vertical Bending 
 
Figure 9-Load case of vertical bending of chassis [viii] 
This load case is of the second most importance for the chassis because of its 
fundamental essentiality. It arises from supporting the weight of all components of the 
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race car. Among them, those that are more dominant are driver, engine and differential 
system. Under dynamic condition, the magnitudes of these weights can be several 
times higher than those of originals when they are in static condition. 
2.4.4. Longitudinal Torsion 
 
Figure 10-Load case of longitudinal torsion of chassis [viii] 
This load case is of the most importance for the chassis because of its influence on the 
structural torsional stiffness of the chassis, which contributes significantly towards the 
track performance of the race car, particularly in the aspect of handling. This load case 
arises when the race car strikes a bump or navigates corners at high speed. The chassis 
is twisted because of loads acting on one corner or two oppositely opposed corners of 
the race car. The structural torsional stiffness of the chassis is highly significant 
because the ability of the suspension to tune the race car’s handling characteristic for 
high performance depends on it. Flimsy chassis renders the suspension to be useless 
and ultimately adversely influence the performance of the race car.  
The structural torsional stiffness of the chassis is commonly defined by how much it 
distorts when it is loaded in pure torsion and is usually expressed in Nm/deg or ft-
lbs/deg of rotation. This is not to be confused with the structural torsional strength of 
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the chassis, of which it is defined by how much the chassis can be loaded before it 
experiences structural failure. A well-recognized and practiced tactic in the field of 
racing as well as FSAE is that if the structural torsional stiffness of the chassis is 
satisfactory, then the structural torsional strength of the chassis will also be 

















3. Design & Analysis of Chassis 
3.1. Type of Chassis Construction 
NUS FSAE race team has selected the tubular spaceframe chassis as its dominant 
chassis construction. With infrastructures and resources that the race team has access 
to at the present, this is the only logical and next best form of chassis construction for 
the race team. Nevertheless, it offers benefits like low cost and ease of modification, 
while also can be developed to provide high specific structural strength and stiffness, 
despite the drawbacks mentioned previously. 
3.2. Type of Material 
Material that is to be used for the chassis is chosen to be 4130 alloy steel extrusion 
because of its relatively higher strength and wider availability in various cross sections 
in the market as compared to mild steel extrusions. 4130 alloy steel extrusion has also 
been the material used for the chassis of past NUS FSAE race cars. As the focus of the 
project is on devising a systematic approach for the design and analysis of the chassis, 
the material that is to be used for the chassis is left unaltered. Nonetheless, the 
selection of the material for the chassis is an independent operation, the proposed 
design approach is universally applicable for all types of material. 
3.3. Design Requirements 
Design requirements of chassis are formed with reference to the attributes of chassis. 
They are formed with an aim of achieving optimized balance between the attributes. 
This is not only to optimize the performance of the chassis, but also to better utilize the 
race team’s finite resources. Thus, design requirements are drawn up and categorized 
with the goal of prioritizing the attributes which are of higher importance towards the 
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performance of the chassis. Prioritization makes sure that the chassis is effectively and 
efficiently developed with finite resources within the limited amount of allocated 
design time. These requirements are, 
3.3.1. Rule Requirement 
It is extremely important that the chassis complies with regulations of FSAE as this 
determines the legality of the participation of NUS FSAE race team. Thus, it is 
paramount that the chassis must pass the scrutinising conducted on it during the 
competition. 
3.3.2. Performance Requirement 
Structural stiffness and weight of the chassis is the main spotlight under this 
requirement because of their strong influence on the performance of the race car. 
Often, these two are treated as one entity and specific structural stiffness is utilized 
instead so as to approach this requirement in a more efficient manner. Ideally, specific 
structural stiffness is to be designed as high as possible. In practice, this is however 
impossible. The chassis is designed to have the highest possible specific structural 
stiffness within the allocated design time. 
3.3.3. Fundamental Requirement 
Structural strength, crashworthiness, durability and reliability of the chassis are the 
main interest under this requirement because of their fundamental essentiality in 
making sure the functionality of the chassis. This requirement must be met 
satisfactorily and in practise the chassis of FSAE race car is designed with several 
unique tactics for the fulfilment of this requirement. These assumptions are reviewed 
in following sections. 
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3.3.4. Auxiliary Requirement 
Manufacturability, ease of manufacture, access, assembly and maintenance of the 
chassis are the main attention under this requirement. It must be noted that this 
auxiliary represents only a relative difference in importance between this requirement 
and other requirements in term of their direct influence on the track performance of the 
race car. It is still influential to the performance of the race car in an intangible manner 
and hence this requirement must be met adequately in order to ensure those aspect of 
the race car’s performance is not heavily compromised. In practise, this requirement is 
satisfied through packaging management and thorough planning of the manufacturing 
of the chassis. 
3.4. Computer Aided Engineering (CAE) Tool 
SolidWorks CAD and Simulation software (hereafter refer as SolidWorks) is utilized 
for the design and analysis of the chassis because of its exceptionally powerful 
capability in the field of design and analysis of engineering products. The one-stop 
package of comprehensive FEA and all-round design capability make it an ideal tool 
for the race team to be used to develop components of the race car and thus the chassis. 
As SolidWorks is also the exclusive tool for the race team to be used as and when it 
needs, this CAE tool is dominantly used for many projects of the race team, which also 
include this project. 
3.4.1. Finite Element Analysis 
Finite element analysis, commonly referred to as FEA, is a doctrine of engineering 
analysis which utilizes finite element method to solve complex engineering problems. 
This doctrine is used heavily in this project and is briefly reviewed to understand its 
role in the design and analysis of the chassis. It is recommended that the race team 
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checks out the book written by Paul, M. Kurowski [ix] to learn more about this 
doctrine. 
In this project, FEA is utilized together with CAD for the design and analysis of the 
chassis. Both FEA and CAD form the basis of the design and analysis and they 
essentially drive the whole process. During the process, performance of the chassis of 
different designs are investigated and reviewed against specifications. With the use of 
FEA, the chassis can be analyzed so as to be designed to the most optimized possible 
configuration within the allocated design time. Different designs can be iterated and 
investigated in a relatively more efficient manner compared to conventional analytical 
methods.  
In FEA, the virtual model that is created from CAD forms the starting point of the 
analysis. During the analysis, the model is divided into many small domains. This 
process of division is called meshing and the domains resulted from the division are 
called elements. Every element shares common points and these points are called 
nodes. The rationale behind such division is to solve the complex engineering problem, 
portrayed in the virtual model, through solving multiple simpler engineering problems. 
These simpler problems are solved simultaneously and solutions obtained are 
assembled to approximate the solution to the complex engineering problem. Accuracy 
of such solution is reasonably high. 
      
Figure 11-CAD & FE model of a tube 
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In FEA, simple shaped elements are utilized, such as beam element, triangular element, 
quadrilateral element, tetrahedral element and brick element. Because of these simple 
shapes, the response of the element is well known under all possible load cases. By 
bringing together responses of these elements under the load case of the complex 
model, the response of the model is obtained. This is basically how the solution of the 
complex engineering problem is obtained through the solutions of simpler engineering 
problems. 
The response of the element under those load cases is actually interpolated from the 
response of the element’s nodes, which are also subjected to the same load cases. 
Every node is fully described by a number of parameters depending on the type of the 
analysis and the type of the element used. In our case of structural analysis, the 
response of a node is generally described by three translations and three rotations and 
these are called degrees of freedom (DOFs) [xi]. 
 
Figure 12-Element with nodes highlighted in red [xi] 
The response of these nodes and thus elements are governed by equations. These 
equations are formulated through considering the connectivity of nodes between 
elements and are related to defined material properties, constraints and loads. During 
the analysis, these equations are assembled into a large set of simultaneous algebraic 
equations and are solved for unknowns. In our case, unknowns are displacements at 
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every node of the element. These are first solved and strains, together with stresses are 
calculated based on them. Calculated strains and stresses are later on processed with 
the use of various stress criterions.  
During the design and analysis of the chassis, the chassis is modeled with beam 
elements because of the nature of its construction. Every structural element of the 
chassis is essentially an extrusion with axis-symmetric cross section. This 
characteristic makes the use of the beam element a good candidate, thus a more 
efficient analysis. 
Generally, there are three phases in FEA. These phases are, 
i. Pre-processing Phase 
Type of analysis, material properties of the chassis, constrains and loads to be used in 
the analysis as well as chassis FE model are defined and formed in this phase. In this 
project, the type of analysis used is structural analysis, in which displacements, strains 
and stresses are main interest of the analysis. Chassis CAD model is treated for FEA 
and its material properties are defined. Boundary conditions like constrains and loads 
are also inputted.  
ii. Processing Phase 
In this phase, the treated chassis CAD model chassis is processed and meshed into FE 
model, in which it is divided into many small beam elements. After that, the FE model 
is solved with boundary conditions and material properties defined previously for 
displacements. Strains and stresses are calculated based on displacements solved. 
iii. Post-processing Phase 
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In this phase, the solved FE model is processed with chosen stress criterion. Von Mises 
stress criterion is utilized in this project because of the use of homogenous steel 
material for the chassis. Information such as factors of safety, animation of 
deformation and deformed shape of the chassis can be gained in this phase and are 
used to quantify the design of chassis. This helps to assess the performance of every 
design case of the chassis. 
For more details in utilizing SolidWorks for engineering design, it is recommended 
that the race team to study the manual of SolidWorks [x] for more information on 
procedures in performing FEA in SolidWorks. 
3.4.2. Other CAE Tool 
SolidWorks is utilized with spreadsheets and charts from Microsoft Excel to aid the 
design and analysis of the chassis. Values obtained from FEA solutions of every 
design of the chassis are inputted to these programs for additional processing. 
Processed results are plotted in charts for data extraction. These programs contribute 
greatly in conducting the design and analysis of the chassis in the proposed systematic 
manner.  
3.5. Design Methodology 
3.5.1. Spaceframe Principle 
In theory, spaceframe is a truss-like structure that is formed through assembling 
extrusions in a three-dimensional space. In this structure, every structural element is 
straight and each is only stressed axially in either tension or compression. All loads 
enter and leave the spaceframe only via intersections of extrusions. The use of either 
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pin or rigidly linked joints does not affect the structural stiffness and strength of the 
spaceframe.  
Spaceframe principle is a methodology of construction that is derived from the 
spaceframe. This principle sets the standard for the development of the tubular 
spaceframe chassis and brings about the important concept of triangulation. A planar 
frame as shown in figure 13 is used to illustrate the concept. 
 
Figure 13-Planar frame 
 
Figure 14-Deflected planar frame 
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This planar frame is constrained at one end and is subjected to a downwards load at the 
other end. As shown in figure 14, upon loading, the planar frame lozenges, distorting 
into a diamond-like shape. Its top and bottom structural elements experience the 
unfavorable bending stress. If these members were pinned joints, the structure would 
turn into a mechanism under the application of the load. 
 
Figure 15-Triangulated planar frame 
 
Figure 16-Deflected triangulated planar frame 
In order to stiffen the planar frame, a diagonal element is added to it, as shown in 
figure 15. The stiffness of the planar frame increases greatly with the addition, as 
shown in figure 16. Such manner of stiffening is what the spaceframe principle refers 
31 
 
to as the concept of triangulation. The diagonal element divides the planar frame from 
the relatively weaker rectangle to the stiffer triangle, effectively resolving the bending 
stress experienced by the top and bottom structural elements of the original planar 
frame into the more manageable axial stress in the case of triangulated planar frame. 
This helps to reduce deformation and hence increases the stiffness and strength of the 
planar frame. A comparison of both triangulated and original planar frames are shown 
in table 1. 
Acceleration Deformation Experienced (m) 
Original Planar Frame 0.001209 
Triangulated Planar Frame 0.00003084 
Table 1-Comparison of deformation between triangulated and original planar frame 
Such concept of triangulation can be readily expand to the three dimensional 
application of chassis stiffening. While tetrahedron [xiii] and pyramid [i] are 
admittedly the most efficient form of structure, their uses in the complex structural 
environment like chassis are limited. Overly concentrating on forming the chassis out 
by using these three dimensional geometries can unnecessarily complicate the 
construction of the chassis. Therefore, the most important thing is to grasp the 
principal idea of the concept of triangulation and apply it flexibly in the design of the 
chassis.  
During the design of the chassis, extrusions of different cross sections are utilized with 
the concept of triangulation in attempt to achieve high strength and stiffness with the 
minimum weight. However, practical considerations often lead to the sacrifice of the 
concept in certain portions of the chassis because of the unavoidable existence of 
bending stress. For certain loads, such as those induced from carrying components, it is 
usually more practical to support these loads in bending than employing concept of 
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triangulation in the design of mounts for components. The use of concept of 
triangulation in the design of these mounts can cause the design process to be 
exceedingly time consuming. Nevertheless, the concept of triangulation is widely 
adopted and utilized in the design and analysis of the chassis because of the great 
guidance it provides. 
3.5.2. Load Path 
Load path, as the name implies, refers to routes of which the structure transmits loads 
from points of application to supports of the structure. It describes the flow of loads in 
the structure and provides a mean of stress visualization within the structure. This 
concept helps to visualize the distribution of loads in the chassis and thus aid its design 
and analysis, particularly in term of strategizing the placement and orientation of 
extrusions in the chassis.  
It is important to know that loads inputted into the chassis are not merely absorbed, but 
are distributed within the chassis. Even though there are certain areas of the chassis, 
such as spring/damper and engine mounting points, are concentrated with stresses, it 
should not defer the main task of the chassis of transmitting loads from one point to 
another and of making sure that all structural elements are loaded in either tension or 
compression. As a general rule of thumb, load paths within the chassis should be as 
direct as possible. All reactions from applied loads should be taken up at tire contact 
patches if the chassis is soundly engineered.  
Examples of load paths are shown in figure 17 and 18, which depict how the chassis of 




Figure 17-Side view of the chassis of saloon car carrying loads [xvi] 
 
Figure 18-Front view of the chassis of saloon car carrying loads [xvi] 
The chassis of the saloon road car is constructed mainly in the form of a framework of 
tie (tensile) and strut (compressive) [xvi]. Loads are inputted through wheels and 
suspensions, and are carried in the perimeter of the chassis. It is obvious that the roof 
of the chassis is loaded in compression, whereas its undercarriage is loaded in tension. 
With the use of the concept of load path, the design and analysis of the chassis can be 
focused on every section of the chassis. 
Other examples of load paths are shown in figure 19, which depict how the chassis of 




Figure 19-Comparison of two distinctly different methods of inputting loads into the chassis from suspension 
[xv] 
As shown in figure 19, the chassis on the left has excellent load paths because loads 
from the suspension are inputted into the intersection of extrusions. Mounting tabs of 
components of the suspension are manufactured to allocate this intention. However, 
the chassis on the right has mounting tabs that are manufactured to protrude out of the 
main structure. Such arrangement offset load paths of loads coming from the 
suspension and unnecessarily complicates the loading condition of the chassis. Such 
visualization concept is utilized greatly in the design and analysis of the chassis for 
NUS FSAE race car. 
3.5.3. Compartmentalization 
Under the theory of spaceframe, the ideal chassis which can theoretically provide high 
structural stiffness is a chassis that connects spring anchorages in such a way that it is 
impossible to twist the pair at one end relative to the other end without stretching or 




Figure 20-Model of ideal chassis whose aim is merely to provide high structural stiffness [i] 
However, such ideal chassis is practically impossible because of its lack of the ability 
to connect and carry all components of the race car. Instead, the chassis is actually 
more appropriately to be idealized as a large rectangular box. However, this also 
makes an impractical chassis as the practical length of the chassis can make every 
structural element of the chassis to be unnecessarily long and easily buckled upon 
loading. With these considerations, the need of making the chassis out of several 
compartments thus arises, with each forming a major section of the chassis. This does 
not only solve the problem of high slenderness of structural elements and provide 
means of connecting and carrying all components of the race car, but also help to 
isolate the weakest area of the chassis for more refine development.  
Similar to the construction of ship hull and aircraft fuselage, compartmentalization is 
also commonly utilized in the construction of chassis. In FSAE race car, the chassis is 
usually divided into three compartments, namely front compartment, driver cockpit 
and rear compartment. These three compartments are divided with the use of 
bulkheads, which are typically made by either shaping continuous extrusions into 
hoops or machining bulk metal into hollow plates. These bulkheads do not only serve 
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to divide the race car chassis into compartments, but also to improve the structural 
strength and stiffness of the chassis. In addition, they are “points of entry” for loads, 
which effectively helps to spread concentrating loads from the suspension before loads 
are “flowed” to the chassis. Depending on the application, it is common to introduce 
intermediate bulkheads to further compartmentalize the chassis in order to obtain 
better load path. 
3.5.4. Structural Stiffness 
3.5.4.1. Structural Bending Stiffness 
There are two main classes of structural stiffness, namely structural torsional stiffness 
and structural bending stiffness. Both contribute to the structural stiffness of the 
chassis. However, in the perspective of the chassis of the race car, the structural 
bending stiffness is not as important as the structural torsional stiffness. This is 
because the wheel loads of the race car, the primary parameter that influences the 
performance, are not significantly affected by the bending of the chassis [xi]. Such 
relative importance is further enhanced by a past research, in which it had shown that 
the structural torsional stiffness is not only more important, but is also more dominant 
in the structural stiffness of the chassis. The research had proven and shown that the 
structural bending stiffness can be adequately achieved through obtaining satisfactory 
structural torsional stiffness of the chassis [xii]. Therefore, the structural torsional 
stiffness is of higher significance, thus becomes the main interest in the development 
of the chassis, especially in the arena of racing. 
3.5.4.2. Structural Torsional Stiffness 
The significance of the structural torsional stiffness lies primarily in its influence 
towards the capability of the suspension in effectively controlling the race car’s 
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handling characteristic. The suspension controls the handling characteristic through 
managing the distribution of the race car’s wheel loads during cornering, in which the 
front-to-rear distribution of the lateral load transfer of the race car is controlled in 
proportion to the roll stiffness of the suspension. 
Being the platform of which the suspension is mounted to, the chassis plays a very 
significant role in this aspect. The relationship between the chassis and suspension can 
be shown through visualizing the chassis as the torsional spring that connects the front 
and rear suspension. Together, the chassis and the suspensions form a system of 
torsional springs in series as depicted in figure 21. 
 
Figure 21-Idealized model of chassis and suspensions – representation of chassis and suspensions as springs 
[viii] 
From this idealized model, we can see that if the chassis is torsionally soft, almost all 
attempts to control the front-to-rear distribution of the lateral load transfer of the race 
car are ineffective. All setups configured to the race car through the suspension 
become insignificant and result only in baffling outcomes. In order to have the race car 
to be of high competence in races, the suspension must be able to control the handling 
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characteristic of the race car and it is intuitive that this is only possible with a chassis 
that has the satisfactory structural torsional stiffness. 
William B. Riley et al [viii] as well as Deakin et al [xiv] has researched in this area. It 
is recommended that the race team checks out theses paper for more knowledge. Two 
graphs are extracted from these two technical papers to show the relationship between 
the structural torsional stiffness of the chassis, the suspension stiffness and the race car 
stiffness.  
 
Graph 1-Graph of overall race car stiffness versus structural torsional stiffness of the chassis [viii] 
 
Equation 1-Expression used in describing idealized model of chassis and suspensions of figure 21 and 







Chassis stiffness (ratio of chassis stiffness to spring rate) 
R
ace car stiffness (ratio of race car stiffness to suspension 




Graph 2-Graph of lateral load transfer of a race car with the suspension roll stiffness of 5000 Nm/deg for 
50:50 weight distributions [xiv] 
In FSAE competition, it is well recognized that predictable handling characteristic of 
the race car can best be achieved if the chassis is stiff enough to be ignored [xi]. It is 
obvious that an infinitely torsionally stiff chassis works best in providing the required 
stable and stiff platform for the suspension to do its job. However, this measure often 
can cause overweight to the race car, which can adversely influence the performance 
of the race car on track. Therefore, the specific structural torsional stiffness is instead 
utilized in practice because of its encompassment of both the weight and structural 
torsional stiffness of the chassis. This attribute is primarily investigated during the 
design and analysis of the chassis, in which the design of the chassis is iterated, 
evolved and finalized with reference to it. The aim is to produce a design of the chassis 
that exhibits the highest possible specific structural torsional stiffness within the 
limited amount of allocated design time. 
3.5.4.3. Calculation of Structural Torsional Stiffness 
With the importance of the chassis’ structural torsional stiffness realized, it is then 
essential to come up with the method of measuring and calculating the structural 
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torsional stiffness. A method that is used in the industry for the design of both road and 
race automobile is used and shown. This method is also included in the work done by 
William B. Riley et al [viii]. It is covered in this thesis mainly on its concept of 
measurement and calculation. For more details, it is recommended that the race team 
reads the technical paper.  
The chassis can be idealized as a tube as shown schematically in figure 22. This simple 
tube model depicts the loading situation of the chassis, of which one end of the race 
car is fixed and a torque, resulted by the difference of suspensions’ roll stiffness or 
bump of one wheel, is applied at the other end. 
 
Figure 22-Simple hollow tube chassis model 
This concept of modeling when it is extended to the actual chassis is shown figure 23. 







Figure 23-Chassis model of NUS FSAE C4 race car utilizing the concept of simple tube model 
The structural torsional stiffness is calculated through finding the torque applied to the 
chassis and dividing it by the angular deflection of the chassis that is resulted from the 
torsional loading. It is expressed in term of Nm/degree of angular deflection. This 
calculation is shown graphically in figure 24. 
 
Figure 24-Calculation of structural torsional stiffness 





KT  = Structural torsional stiffness (3.5.4.3.2) 






F  = Force applied (3.5.4.3.4) 
L  = Width of measurement (3.5.4.3.5) 
ϴ  = tan−1[(𝑦1 +𝑦2)
2𝐿
] (3.5.4.3.6) 
ϴ  = Angular deflection (3.5.4.3.7) 
y1  = Left vertical displacement (3.5.4.3.8) 
y2 = Right vertical displacement (3.5.4.3.9) 
The torque is derived from the product of the force applied at one corner of the race car 
and the distance from the point of application to the centerline of the chassis. The 
angular deflection is taken to be the angle formed from the center of the chassis to the 
position of the deflected corner. Both left and right vertical displacements are included 
in the equation to take the average vertical displacement in order to generate a more 
accurate estimate of the total angular deflection of the chassis. 
Equation 3.5.4.3.1 is utilized for the assessment of the structural torsional stiffness of 
the chassis for its design and analysis. This equation is inputted into the spreadsheet 
and graph is plotted to look the coefficient. The coefficient is the structural torsional 
stiffness, KT of the chassis. All values needed for the equation are measured from the 
chassis model in SolidWorks. 
3.5.5. Categorization of Load Cases 
In this project, load cases used for the design and analysis of the chassis are 
categorized as followed, with the aim of optimizing the chassis for the performance of 
the race car while satisfying the structural requirements of the chassis. 
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3.5.5.1. Impact Category 
Impact category refers to the category of loads that are induced in case of accidents 
and it is associated with the attribute of crashworthiness of the chassis. This attribute is 
attained through ensuring that the chassis complies with regulations imposed by FSAE 
official. 
3.5.5.2. Operation & Fatigue Category 
Operation category refers to the category of loads that are induced when the race car is 
in operation. Fatigue category refers to the category of loads that are induced when the 
race car cycles through the operations. Loads from these two categories are the main 
focus for the analysis of the chassis. With the impact category already “taken care of”, 
the analysis is conducted mainly to ensure the functioning and performance of the 
chassis for the race car. In the analysis, an assumption as followed is adopted,  
“If the chassis can withstand the worst possible load, then it is expected that it will 
have the sufficient strength for fatigue” 
Based on the past experiences, this adopted assumption is sufficiently accurate and 
adequate for the analysis in ensuring that the chassis can withstand loads from both 
operation and fatigue category. Under this assumption, the analysis is conducted with 
static load cases, which are factored to take into account of the dynamic overload to 
the chassis when the race car is in operation. This approach can be formulated as 
followed, 
Dynamic Overload = Static load x Dynamic Factor (3.5.5.2.1) 
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However, it must be noted that such tactic of design is not entirely accurate. With the 
use of static load cases with dynamic factors, the focus of the analysis is on the 
instantaneous structural strength of the chassis. This is not logically true because 
situations like this occur only as “peaked” events when the race car is in operation. 
Nevertheless, such error is acceptable as it errs on the safe side. Figure 25 graphically 
shows the tactic used by NUS FSAE race team for the design and analysis of the 
chassis. 
 
Figure 25-Load cases for NUS FSAE race car 
Static load cases presented previously are utilized together with the load case 
categorization. All concerned load cases are acted through all four corners of the race 
car with one at a time, while other three corners are constrained.  
This approach induces a worst case scenario, thus the structural strength that results is 
indicative of what the instantaneous structural strength of the chassis is. The global 
performance of the chassis is the main interest of the analysis and all load cases are 
considered in combination as this is more representative of the real case scenario. The 






Acceleration Dynamic Factor (G) 
Vertical (Bump) 3 
Longitudinal 1 
Lateral 1.5 
Table 2-Dynamic Factors Used for NUS FSAE Race Car 
3.5.6. Chassis Model 
Chassis model is the chassis-in-design. It is the most vital part of the design and 
analysis of the chassis because it essentially represents the actual chassis in the design 
domain. Chassis model is mainly composed of structural elements. However, these are 
not the only substances that make up the chassis model. Suspension model and engine 
model are also important parts of the chassis model. Their existence ensures that the 
chassis model is more representative of the actual condition in the design and analysis 
of the chassis. 
3.5.6.1. Suspension Model 
Suspension model is incorporated into the chassis model in order to simulate the actual 
load path of loads, inputting from the suspension to the chassis, when the race car is in 
operation. However, the suspension of the race car is not modeled in full detail. Only 
fundamental geometries of major components of the suspension are modeled so as to 
reduce the cost of computation for the design and analysis. An example of the chassis 




Figure 26-Chassis model with engine and suspension model incorporated for more realistic representation 
When constructing the suspension model, inboard mounting points of the suspension 
are first inputted. After that, outboard mounting points of the suspension are inputted. 
These points correspond to the upper and lower pivot points of the outboard wheel 
assemblies of the suspension. Major components like A-arms, uprights, hubs, actuator 
arms, rockers and solid links (representing damper/spring unit) are simplified and 
incorporated to the model. 
3.5.6.2. Engine Model 
Engine model is another important part of the chassis model. Under the actual 
condition, the engine contributes greatly to the structural stiffness and strength of the 
chassis due to the bulky physical form the engine. If the engine model is absent from 
the chassis model, the design and analysis conducted would be unrealistic as the 
chassis model would be impractically soft and weak. This is because the absent of the 
engine model leaves a big empty space, which consequently produces unconstrained 
DOFs within the chassis model. 
Front suspension system model 




Similar to the modeling of the suspension, the engine of the race car is also modeled to 
provide only fundamental geometrical details. The engine model is built by firstly 
inputting mounting points of the engine. Points and elements which correspond to 
those significant physical features of the engine are next inputted in order to 
characterize the stiffness of the engine model. Respective structural elements that 
connect the engine model to the chassis model are then added. An example of the 
chassis model that incorporates the engine model is also shown in figure 26. 
3.5.7. Other Models for Design and Analysis of Chassis 
Other models are also utilized in the design and analysis of the chassis in order to 
improve the practicality and applicability of the design approach. These models help to 
translate the design requirements into the design constrains and aid the design and 
analysis of the chassis.  
3.5.7.1. Driver Model 
Driver model is utilized in the design and analysis of the chassis in order to investigate 
the driver ergonomics. The model is constructed according to the 95 percentile male 
and adjusted with data collected from measuring drivers of the race team. Essential 
dimensions such as the width of shoulder, length of arm, length of leg and angle of 
sitting are measured and logged for every driver. These data are normalized before 
they are used to adjust the driver model. The driver model shown in figure 27 




Figure 27-Driver model 
3.5.7.2. Pedal & Steering Assembly Model 
Pedal and steering assembly models are also utilized in the design and analysis of the 
chassis in order to investigate the driver ergonomics of the chassis. Physical models of 
these assemblies are constructed and are interacted with the drivers of the race team. 
Feedback are collected and used to adjust the assembly models. The pedal and steering 
models shown in figure 28 represent the actual orientation of the pedal and steering 
assemblies in the race car. 
      
Figure 28- Pedal & steering assembly model 
3.5.7.3. Tool Manipulation Model 
Tool manipulation models are utilized to tackle the auxiliary requirement in the design 
and analysis of the chassis. Regularly used tools such as spanner 10, 13 and 17 are 
represented with spheres of diameter 140mm, 180mm and 200mm. These spheres 
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correspond to the space required for these tools to be manipulated. Other regularly 
used tools such as Allen key 5, 6 and 8 are usually shorter than spanners. Hence, the 
representation of space for their manipulation is already included in those spheres 
mentioned. An example of the tool manipulation model is shown in figure 29. 
 
Figure 29-Tool manipulation model of spanner 10, 13 and 17 – volume of motion needed to manipulate tools 
3.5.7.4. Regulation Checking Model 
Regulation checking models are utilized to tackle the rule requirement in the design 
and analysis of the chassis. Templates stated in regulations of FSAE are modeled. An 
example of regulation checking model is shown in figure 30. 
 
Figure 30-Regulation checking model of horizontal template 




Chart 1-Work chart of the design and analysis of the chassis for NUS FSAE race car 
Utilizing knowledge learnt, experience gained, data collected and models created, the 
design and analysis of the chassis is carried out in a systematic and systemic manner as 
outlined in the work chart shown in chart 1. 
3.5.8.1. Tackling Rule Requirement 
Regulations of FSAE require the chassis to be made up of several mandated 
substructures with specified cross sections. Therefore, the chassis model is initiated 
with these substructures, which include main roll hoop, front roll hoop, roll hoop 
braces, front bulk head, front bulk head support and side impact structures. These 
mandated substructures form the base of the chassis model.  
3.5.8.2. Tackling Auxiliary Requirement 
The manufacturability and ease of manufacture of the chassis is tackled mainly 
through the selection of chassis construction. By adopting the tubular spaceframe 
chassis construction, this attribute is achieved for the chassis. Even though a slight 
compromise is made in term of ease of manufacture, this drawback is addressed 
through detailed planning of the manufacturing of the chassis.  
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The ease of access, assembly and maintenance of the chassis is tackled mainly through 
the packaging. All areas of the chassis and all components of the race car that require 
constant monitoring and maintenance are placed at locations with ease of access. If this 
measure is not possible, structural elements of the chassis around those spots and areas 
are strategically relocated, with the aim of making the least possible compromise to the 
primary design requirements. 
3.5.8.3. Tackling Fundamental Requirement 
The structural strength of the chassis is tackled together with the structural stiffness of 
the chassis because of their interconnected relation. Nonetheless, it is investigated at 
the final phase of the design and analysis of the chassis. If there is insufficiency in the 
structural strength of the chassis, the finalized chassis model is refined, with the aim of 
making the least possible compromise to the structural stiffness.  
The crashworthiness of the chassis is achieved when the chassis model fulfills the rule 
requirement. The existence of those regulations is a result of FSAE official in attempt 
to address the safety issue of the competition. It is an outcome of the knowledge of and 
experience gained by the official on scrutinizing multiple past accidents in FSAE 
competition. Therefore, the crashworthiness of the chassis is not tackled in the design 
and analysis of the chassis. 
The durability and reliability of the chassis is tackled mainly through attaining high 
quality of build and strict execution of the maintenance schedule for the chassis. The 
structural fatigue strength of the chassis is tackled together with the structural strength 
of the chassis in the design and analysis by adopting the assumption discussed 
previously. These measures coupled with the short duration of FSAE competition 
address this aspect of the fundamental requirement to a great extent. 
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3.5.8.4. Tackling Performance Requirement 
The specific structural stiffness, particularly the specific structural torsional stiffness of 
the chassis is the main focus for the design and analysis of the chassis. It is tackled in 
three phases, which are, 
3.5.8.4.1. Shape of Chassis 
Other substructures are added to the chassis model. In this phase, the shape of the 
chassis is optimized for the highest possible specific structural torsional stiffness. 
3.5.8.4.2. Orientation of Brace 
Braces are added in this phase of the design and analysis of the chassis. Orientation of 
braces is optimized in this phase. 
3.5.8.4.3. Cross Section of Structural Element 
Cross section of structural elements of the chassis model is optimized in this phase of 
the design and analysis of the chassis. Almost all non-mandated structural elements of 
the chassis model are involved in this phase. Only those that are mandated are left 
unaltered. 
With the design requirements of the chassis marked out for the design and analysis of 
the chassis, the chassis model is initiated. The suspension model and engine model is 
utilized to establish the bounding envelope of the chassis model. These two models 
provide the necessary information for the chassis model to be initiated. Mandated 
substructures are also constructed into the chassis model. The initial chassis model 
marginally fulfils the design requirements outlined. 
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The initial chassis model is analysed and its performance is assessed against the design 
requirements. Often, performance gap exists between the performance of the chassis 
model and design requirements. The chassis model is iterated and refined to reduce the 
performance gap, which ultimately is finalized with the smallest possible performance 
gap within the allocated amount of design time. 
The whole course of design and analysis of the chassis is conducted in a manner of 
primarily fulfilling the performance and fundamental requirement of the chassis. 
However, the finalization of parameters of the chassis model is performed only when 
the chassis model also fulfills the auxiliary, rule and driver ergonomics requirement. 
Such finalization is performed after every parametric analysis of the chassis. The 
fundamental requirement of the chassis is re-investigated with the use of static load 
cases discussed in section 3.5.5 at the final phase of the design and analysis of the 
chassis. 
3.5.9. Setup of Analysis 
After the chassis model is initiated in SolidWorks CAD, it is transferred to SolidWorks 
Simulation. With the type of analysis and material defined, boundary conditions like 
constraints, loads and released nodes are applied to the chassis model. The outboard 
lower pivot points of the rear suspension model are constrained and loads are applied 
at those points of the front suspension. Loads are applied in stepping manner from 50N 
to 250N. After every execution of FEA with these stepping loads, the vertical 
deflections of both outboard upper pivot points of the front suspension are logged. The 
logged deflections are inputted to a spreadsheet with calculations discussed in section 
3.5.4.3 in order to obtain the structural torsional stiffness of the chassis model.  
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Similar setup is also used in the re-investigation of the chassis model in fulfilling the 
fundamental requirement. Only boundary conditions are different. Boundary 
conditions discussed in section 3.5.5 are used for the re-investigation. 
3.6. Design & Analysis of Chassis 
The initial chassis model, also termed chassis 1, is compartmentalized into five bays, 
namely foot well, front suspension bay, driver cockpit, engine bay and rear suspension 
bay. Chassis 1 is shown in figure 31 and 32.  
 
Figure 31-Chassis 1with five bays 
 












Chassis 1 is analyzed for structural torsional stiffness. The result is shown in graph 1 
and 2. The obtained stiffness is utilized together with the weight of chassis 1 to 
produce the specific structural torsional stiffness. These three measures provide an 
understanding on the performance of chassis 1 in fulfilling the performance and 
fundamental requirement of the chassis. Given the usual roll stiffness of the suspension 
of NUS FSAE race car, chassis 1 fundamentally fulfills the requirements. 
Nevertheless, high potential of development is recognized in chassis 1. It is exploited 
in the subsequent design and analysis. 
Chassis 1 is then analyzed for auxiliary, rule and driver ergonomics requirement with 
the use of the models discussed in section 3.5.7. Chassis 1 fulfills the auxiliary and 
driver ergonomics requirement, but has only marginally fulfilled the rule requirement. 
Easy access of tools is identified and required driver ergonomics is achieved, but not 
all FSAE regulations are safely met (regulation B4.2). Vertical template model stands 
very close to chassis 1 when it is placed at the required location. This issue is 
addressed in the subsequent design and analysis of the chassis. Supplementary 
information of chassis 1 is shown in the appendices, A1. 
3.6.1. Symmetry of Structural Torsional Stiffness of Chassis 1 
Chassis 1 is analyzed for both scenarios of clockwise and counter-clockwise when it is 
analyzed for structural torsional stiffness. This is to investigate the symmetry of the 




Figure 33- Scenario of clockwise & counter-clockwise torque applied to chassis 1 
 
Graph 3-Structural torsional stiffness of the chassis 1 (clockwise torque) 
 
Graph 4-Structural torsional stiffness of the chassis 1 (counter-clockwise torque) 
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Structural Torsional Stiffness of Chassis 1 (Nm/deg) 
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Structural Torsional Stiffness of Chassis 1 (Nm/deg) 
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As shown in graph 3 and 4, there is 0% difference between the structural torsional 
stiffness of both scenarios. This indicates that chassis 1 is symmetrical and asymmetry 
of the engine has little influence on the chassis construction. Structural torsional 
stiffness is almost the same in both scenarios. This also implies that a stable platform is 
highly possible for the suspension of the race car. Such outcome is harnessed further 
for the subsequent design and analysis of the chassis. With the chassis model being 
symmetrical, subsequent design and analysis of the chassis is conducted with only one 
scenario in order to save computational resources. 
3.6.2. Shape of Chassis 
Within the specified wheelbase of the race car, the length, height and width of bay is 
conceived. Each bay of the chassis model is analyzed and conceived by first its length, 
followed by its height and width. The sequence is as followed: foot well, front 
suspension bay, driver cockpit, engine bay and rear suspension bay. 
Main parameters of these bays are varied in the range of 100mm to 200mm at an 
interval of 25mm. Based on past experience; such arrangement offers a balanced 
compromise between accuracy and practicality. After every parametric variation, the 
varied chassis model is analyzed for structural torsional stiffness. The effect of the 
variation is investigated and the weight of the chassis model is logged.  
After every parametric analysis, the varied chassis model is analyzed with the models 
discussed in section 3.5.7. The shape of each bay is conceived for the highest 
attainable specific structural torsional stiffness that also satisfies the rule, auxiliary and 
driver ergonomics requirement. 
3.6.2.1. Shape of Foot Well 
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The foot well is mainly composed of the front bulkhead, front middle bulkhead, front 
bulkhead upper brace, front bulkhead diagonal brace and front bulkhead lower brace. 
Composition of the foot well is shown in figure 34. 
 
Figure 34-Composition of foot well of chassis with each main element named and labeled 
Main parameters of the foot well are the length of foot well, height & width of front 
bulkhead, and height & width of front middle bulkhead. Front bulkhead upper brace, 
front bulkhead diagonal brace and front bulkhead lower brace are dependent elements. 
They are conceived automatically as the main parameters of the foot well are 
conceived. 
3.6.2.1.1. Length of Foot Well 
The length of the foot well is varied from 450.76mm to 650.76mm at an interval of 
25mm. The chassis model of this phase is termed chassis 2. Each variation of chassis 2 
is analyzed for structural torsional stiffness and the weight of each variation is logged. 
The variation of the length of the foot well is shown in figure 35. 
Front Bulkhead  
Front Bulkhead Lower Brace 
Front Bulkhead Diagonal Brace 
Front Middle Bulkhead 




Figure 35-Variation of length of foot well of chassis 2 with variation of length of front bulkhead upper brace, 
front bulkhead diagonal brace and front bulkhead lower brace 













Specific STS of 
Chassis 
(Nm/deg/kg) 
450.76 (Chassis 1) 1500 0 23.38 535.63 22.91 
475.76 1525 25 23.49 535.97 22.82 
500.76 1550 50 23.61 536.23 22.71 
525.76 1575 75 23.73 536.44 22.61 
550.76 1600 100 23.85 536.59 22.50 
575.76 1625 125 23.96 536.71 22.40 
600.76 1650 150 24.08 536.80 22.29 
625.76 1675 175 24.20 536.86 22.18 
650.76 1700 200 24.32 536.90 22.08 
Table 3-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 2 with 




Graph 5-Specific structural torsional stiffness of chassis 2 with respect to variation of length of foot well 
The result of variation of the length of the foot well is shown in table 3 and graph 5. 
The structural torsional stiffness of chassis 2 rises as the length increases. This is 
because the stiffer element, front bulkhead brace, increases with the lengthening. 
However, the rate of which the structural torsional stiffness rises is lower than that of 
the weight. Hence, the specific structural torsional stiffness of chassis 2 falls steadily at 
around 0.5% with every variation. It peaks at the initial length of 450.76mm. However, 
in order to address the regulation issue encountered previously, the length of 
475.76mm is conceived instead.  
Chassis 2 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 2 fulfills the auxiliary, driver 
ergonomics and rule requirement. Easy access of tools is identified, required driver 
ergonomics is achieved and FSAE regulations are met. Although the length conceived 
does not provide the highest specific structural torsional stiffness, but it improves the 
fulfillment of the rule requirement. This is a necessary compromise for the legal 
participation of NUS FSAE race team. Supplementary information of chassis 2 is 































Length of Foot Well (mm) 
Specific STS of Chassis vs Length of Foot Well 
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3.6.2.1.2. Height of Front Bulkhead 
The height of the front bulkhead is varied from 324.6mm to 424.6mm at an interval of 
25mm. The chassis model of this phase is termed chassis 3. Each variation of chassis 3 
is analyzed for structural torsional stiffness and the weight of each variation of chassis 
3 is logged. The variation of height of the front bulkhead is shown in figure 36. 
 
Figure 36-Variation of height of front bulkhead of chassis 3 with variation of length of front bulkhead upper 
brace 
Height of FBH (mm) Variation (mm) 
Weight of 
Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of 
Chassis (Nm/deg/kg) 
324.6 (Chassis 2 of 475.76mm) 0 23.49 535.97 22.82 
349.6 25 23.53 536.94 22.82 
374.6 50 23.58 537.85 22.81 
399.6 75 23.62 538.70 22.81 
424.6 100 23.67 539.46 22.79 
Table 4-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 3 with 




Graph 6-Specific structural torsional stiffness of chassis 3 with respect to variation of height of front bulkhead 
The result of variation of the height of the front bulkhead is shown in table 4 and graph 
6. The structural torsional stiffness and weight of chassis 3 rises at the same rate as the 
height increases. Hence, chassis 3 exhibits no significant change in the specific 
structural torsional stiffness with the variation. The specific structural torsional 
stiffness of chassis 3 falls only around 0.1% at the end of the variation. Therefore, the 
height is left unaltered and conceived to be 324.6mm since chassis model of this height 
has already fulfilled driver ergonomics, auxiliary and rule requirement. Supplementary 
information of chassis 3 is shown in the appendices, A3. 
3.6.2.1.3. Width of Front Bulkhead 
The width of the front bulkhead is varied from 224.6mm to 424.6mm at an interval of 
25mm. The chassis model of this phase is termed chassis 4. Each variation of chassis 4 
is analyzed for structural torsional stiffness and the weight of each variation of chassis 
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Figure 37-Variation of width of front bulkhead of chassis 4 with variation of length of front bulkhead upper 
brace, front bulkhead diagonal brace and front bulkhead lower brace 
Width of FBH (mm) Variation (mm) 
Weight of 
Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of 
Chassis (Nm/deg/kg) 
224.6 -100 23.33 559.59 23.99 
249.6 -75 23.37 553.14 23.67 
274.6 -50 23.41 547.06 23.37 
299.6 -25 23.45 541.26 23.08 
324.6 (Chassis 3 of 324.6mm) 0 23.49 535.97 22.82 
349.6 25 23.54 531.10 22.56 
374.6 50 23.58 526.69 22.34 
399.6 75 23.63 522.62 22.12 
424.6 100 23.68 518.94 21.91 
Table 5-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 4 with 




Graph 7-Specific structural torsional stiffness of chassis 4 with respect to variation of width of front bulkhead 
The result of variation of the width of the front bulkhead is shown in table 5 and graph 
7. The structural torsional stiffness of chassis 4 rises as the width decreases. This is 
because the foot well approximates tetrahedron with the decreasing width. The 
approximation causes the structural torsional stiffness to rise and the weight to fall. 
Hence, the specific structural torsional stiffness of chassis 4 rises around 2.1% at the 
end of the variation. It peaks at the width of 224.6mm. As a result, this width is 
conceived.  
Chassis 4 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 4 fulfills these requirements. 
Although the width is decreased, access of the chassis is not hindered, required driver 
ergonomics is achieved and FSAE regulations are met. Supplementary information of 
chassis 4 is shown in the appendices, A4. 
3.6.2.1.4. Height of Front Middle Bulkhead 
The height of the front middle bulkhead is varied from 375.5mm to 525.5mm at an 
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of chassis 5 is analyzed for structural torsional stiffness and the weight of each 
variation of chassis 5 is logged. The variation of height of the front middle bulkhead is 
shown in figure 38. 
 
Figure 38-Variation of height of front middle bulkhead of chassis 5 with variation of length of front bulkhead 
upper brace and front roll hoop brace 
Height of FMBH (mm) Variation (mm) 
Weight of 
Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of 
Chassis (Nm/deg/kg) 
375.5 -50 23.21 552.17 23.79 
400.5 -25 23.27 555.96 23.89 
425.5 (Chassis 4 of 224.6mm) 0 23.33 559.59 23.99 
450.5 25 23.41 561.11 23.97 
475.5 50 23.49 561.76 23.91 
500.5 75 23.58 561.49 23.81 
525.5 100 23.67 560.37 23.67 
Table 6-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 5 with 




Graph 8-Specific structural torsional stiffness of chassis 5 with respect to variation of height of front middle 
bulkhead 
The result of variation of the height of the front middle bulkhead is shown in table 6 
and graph 8. The structural torsional stiffness of chassis 5 rises with a deceasing rate 
and falls as the height increases. The rise is due to the increase of the overall polar 
moment of inertia of chassis 5 with the increasing height. Whereas, the fall is due to 
the decrease of the effective strength and stiffness of the front bulkhead and front roll 
hoop brace with the increasing height. The later interacts with the former and causes 
the rise to switch to the fall. Because the weight also rises with the increasing height, 
the specific structural torsional stiffness of chassis 5 rises only around 0.8%. After that, 
it peaks at the initial height of 425.5mm and then falls around 1.3% at the end of the 
variation. As a result, the height is left unaltered since chassis model of this height has 
already fulfilled driver ergonomics, auxiliary and rule requirement. Supplementary 
information of chassis 5 is shown in the appendices, A5. 
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In race car engineering, the geometry of the suspension has higher priority in decisions 
of development, particularly in cases involving the chassis and suspension. The width 
of the front middle bulkhead is directly related to the geometry of the suspension, 
particularly the leading inboard pivot points. Variation of the width is impractical since 
this parameter is entirely dependent on the suspension. Therefore, the width of the 
front middle bulkhead is left unaltered and conceived to be 382.33mm and 570.33mm 
respectively. 
3.6.2.2. Shape of Suspension Bay 
The front suspension bay is mainly composed of the front middle bulkhead, front roll 
hoop, front roll hoop brace, front suspension lower and upper mounting element. 
Composition of the front suspension bay is shown in figure 39. 
 
 
Figure 39-Composition of front suspension bay of chassis with each main element named and labeled 
Main parameters of the front suspension bay are the length of front suspension bay, 
height & width of front middle bulkhead and height & width of front roll hoop. Front 
roll hoop brace, front suspension lower and upper mounting element are dependent 
Front Middle Bulkhead 
Front Suspension Lower Mounting Element 
Front Suspension Upper Mounting Element 
Front Roll Hoop  
Front Roll Hoop Brace 
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elements. They are conceived automatically as the main parameters of the front 
suspension bay are conceived. 
However, not all main parameters of the front suspension bay are conceived. The 
length of the front suspension bay is directly related to the A-arm spread of the 
suspension because of its strong influence to the camber and toe stiffness of the 
suspension. With the inboard mounting points of the suspension being also the inboard 
ends of A-arms, the A-arms spread determines the length of the front suspension bays. 
Therefore, the length of the front suspension bay is left unaltered and conceived to be 
350mm. 
With the height and width of the front middle bulkhead already conceived in the 
previous parametric analysis, only the height and width of the front roll hoop is 
conceived in the next parametric analysis. 
3.6.2.2.1. Height of Front Roll Hoop 
The height of the front roll hoop is varied from 375.5mm to 525.5mm at an interval of 
25mm. The chassis model of this phase is termed chassis 6. Each variation of chassis 6 
is analyzed for structural torsional stiffness and the weight of each variation of chassis 




Figure 40-Variation of height of front roll hoop of chassis 6 with variation of length of front roll hoop brace 
Height of FRH (mm) Variation (mm) 
Weight of 
Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of 
Chassis (Nm/deg/kg) 
375.5 -50 23.13 576.20 24.91 
400.5 -25 23.23 568.37 24.47 
425.5 (Chassis 5 of 425.5mm) 0 23.33 559.59 23.99 
450.5 25 23.44 550.60 23.49 
475.5 50 23.56 542.69 23.03 
500.5 75 23.67 535.52 22.62 
525.5 100 23.80 529.00 22.23 
Table 7-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 6 with 
respect to variation of height of front roll hoop 
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The result of variation of the height of the front roll hoop is shown in table 7 and graph 
9. As the height increases, the structural torsional stiffness of chassis 6 falls while the 
weight rises. Although the overall polar moment of inertia of chassis 6 increases with 
the increasing height, the growing openings around the front roll hoop offset this 
increase. Therefore, the specific structural torsional stiffness of chassis 6 falls around 
10.8% at the end of the variation. It peaks at the lowest height of 375.5mm. Hence, this 
height is conceived.  
Chassis 6 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 6 fulfills the auxiliary and 
driver ergonomics requirement, but fails the rule requirement. Easy access of tools is 
identified and required driver ergonomics is achieved, but FSAE regulations are not 
met (B3.11.4). The steering wheel is out of the safety envelope formed by the front roll 
hoop. In order to meet FSAE regulation, the height of 500.5mm is conceived. This is a 
necessary compromise for the legal participation of NUS FSAE race team. 
Supplementary information of chassis 6 is shown in the appendices, A6. 
3.6.2.2.2. Width of Front Roll Hoop 
Similar to the case of the front middle bulkhead, the width of the front roll hoop is also 
directly related to the inboard pivot points of the suspension. Variation of the width is 
equally impractical since this parameter is entirely dependent on the suspension. 
Therefore, the width of the front roll hoop is also left unaltered and conceived to be 
382.33mm and 570.33mm respectively. 
3.6.2.3. Shape of Driver Cockpit 
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The driver cockpit is mainly composed of the front roll hoop, side impact structure, 
main roll hoop and shoulder harnesses mount. Composition of the driver cockpit is 
shown in figure 41. 
 
Figure 41-Composition of driver cockpit of chassis with each main element named and labeled 
Main parameters of the driver cockpit are the length of driver cockpit, height & width 
of front roll hoop and height & width of main roll hoop. Shoulder harness mount is a 
dependent element. It is conceived automatically as the main parameters of the main 
roll hoop are conceived. 
With the height and width of the front roll hoop already conceived in the previous 
parametric analysis, only the length of driver cockpit and height & width of the main 
roll hoop are conceived in the next parametric analysis. 
3.6.2.3.1. Length of Driver Cockpit 
The length of the driver cockpit is varied from 600mm to 700mm at an interval of 
25mm. The chassis model of this phase is termed chassis 7. Each variation of chassis 7 
Side Impact Structure 
Front Roll Hoop 
Shoulder Harness Mount  
Main Roll Hoop 
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is analyzed for structural torsional stiffness and the weight of each variation of chassis 
7 is logged. The variation of length of the driver cockpit is shown in figure 42. 
 
Figure 42-Variation of length of driver cockpit of chassis 7 with variation of length of side impact structure, 
upper main roll hoop brace, rear connecting elements and engine mounting elements 






STS of Chassis 
(Nm/deg) 
Specific STS of 
Chassis (Nm/deg/kg) 
700 (Chassis 6 of 500.5mm) 0 23.67 535.52 22.62 
675 -25 23.68 552.27 23.32 
650 -50 23.69 569.73 24.05 
625 -75 23.71 586.00 24.72 
600 -100 23.72 600.30 25.31 
Table 8-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 7 with 




Graph 10-Specific structural torsional stiffness of chassis 7 with respect to variation of length of driver 
cockpit 
The result of variation of the length of the driver cockpit is shown in table 8 and graph 
10. As the length decreases, the structural torsional stiffness of chassis 7 rises while the 
weight falls. Because the driver cockpit contains the largest opening, the entry for 
driver, it has the largest contribution to the overall torsional deflection of the chassis 
model. The decreasing length reduces the contribution, thus stiffens and strengthens 
the chassis model. As a result, the specific structural torsional stiffness of chassis 7 
rises around 11.9% at the end of the variation. It peaks at the shortest length of 
600mm. Hence, this length is conceived. 
Chassis 7 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 7 fulfills these requirements. 
Easy access of tools is identified and FSAE regulations are met. Although the length is 
decreased, the driver ergonomics is not compromised. The decreased length even aids 
to offset the compromise made previously. Supplementary information of chassis 7 is 
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3.6.2.3.2. Height of Main Roll Hoop 
The height of the main roll hoop is varied from 1004.2 mm to 1104.2mm at an interval 
of 25mm. The chassis model of this phase is termed chassis 8. Each variation of 
chassis 8 is analyzed for structural torsional stiffness and the weight of each variation 
of chassis 8 is logged. The variation of height of the main roll hoop is shown in figure 
43. 
 
Figure 43-Variation of height of main roll hoop of chassis 8 with variation of length of upper main roll hoop 
brace 
Height of MRH (mm) Variation (mm) 
Weight of 
Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of 
Chassis (Nm/deg/kg) 
1004.2 (Chassis 7 of 600mm) 0 23.72 600.30 25.31 
1029.2 25 23.82 605.29 25.41 
1054.2 50 23.93 605.68 25.31 
1079.2 75 24.03 605.64 25.20 
1104.2 100 24.13 606.62 25.14 
Table 9-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 8 with 




Graph 11-Specific structural torsional stiffness of chassis 8 with respect to variation of height of main roll 
hoop 
The result of variation of the height of the main roll hoop is shown in table 9 and graph 
11. As the height increases, the structural torsional stiffness of chassis 8 rises with a 
deceasing rate, while the weight rises. The structural torsional stiffness rises because 
the overall polar moment of inertia of chassis 8 increases. The rate of rise decreases 
because the effective strength and stiffness of the main roll hoop brace decreases with 
the increasing height. As a result, the specific structural torsional stiffness of chassis 8 
rises only around 0.6%. After that, it falls around 0.7% at the end of the variation. It 
peaks at the height of 1029.2mm. Hence, this height is conceived.  
Chassis 8 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 8 fulfills these requirements. 
Easy access of tools is identified, required driver ergonomics is achieved and FSAE 
regulations are met. The increased height even improves the fulfillment of the rule 
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3.6.2.3.3. Width of Main Roll Hoop 
The width of the main roll hoop is varied from 625.4mm to 825.4mm at an interval of 
25mm. The chassis model of this phase is termed chassis 9. Each variation of chassis 9 
is analyzed for structural torsional stiffness and the weight of each variation of chassis 
9 is logged. The variation of width of the main roll hoop is shown in figure 44. 
 
Figure 44-Variation of width of main roll hoop of chassis 9 with variation of length of side impact structure, 
rear connecting elements and engine mounting elements 
Width of MRH (mm) Variation (mm) 
Weight of 
Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of 
Chassis (Nm/deg/kg) 
625.4 (Chassis 8 of 1029.2mm) 0 23.82 605.29 25.41 
650.4 25 23.90 609.09 25.48 
675.4 50 23.99 616.57 25.70 
700.4 75 24.07 625.73 26.00 
725.4 100 24.17 632.64 26.17 
750.4 125 24.26 641.84 26.46 
775.4 150 24.36 648.07 26.60 
800.4 175 24.47 654.76 26.76 
825.4 200 24.58 658.29 26.78 
Table 10-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 9 




Graph 12-Specific structural torsional stiffness of chassis 9 with respect to variation of width of main roll 
hoop 
The result of variation of the width of the main roll hoop is shown in table 10 and 
graph 12. The structural torsional stiffness and weight of chassis 9 rises as the width 
increases. The widening increases the overall polar moment of inertia of chassis 9, thus 
causes the structural torsional stiffness to rise. Because the rate of which the structural 
torsional stiffness rises is higher than that of the weight, the specific structural 
torsional stiffness of chassis 9 rises around 5.4% at the end of the variation. It peaks at 
the width of 825.4mm. Hence, this width is conceived.  
Chassis 9 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 9 fulfills these requirements. 
Easy access of tools is identified, required driver ergonomics is achieved and FSAE 
regulations are met. However, these requirements are excessively fulfilled. Therefore, 
in order to keep the weight down, the width of 750.4mm is conceived instead. This 
width offers a balanced compromise between the specific structural torsional stiffness 
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3.6.2.4. Shape of Engine Bay 
The engine bay is mainly composed of the main roll hoop, upper main roll hoop brace, 
rear connecting elements, engine mounting elements and rear middle bulkhead. 
Composition of the engine bay is shown in figure 45. 
 
Figure 45-Composition of engine bay of chassis with each main element named and labeled 
Main parameters of the engine bay are the length of engine bay, height & width of 
main roll hoop and height & width of rear middle bulkhead. Upper main roll hoop 
brace, rear connecting elements, engine mounting elements are dependent elements.  
However, the shape of the engine bay is left unaltered because of its unique position in 
the chassis. The rear suspension bay is similar to the front suspension bay, of which 
the length of the bay is entirely dependent on the A-arms spread of the suspension. 
With the engine bay being the connecting bay between the rear suspension bay and 
forward bays, the already conceived length of the forward bays and rear suspension 
bay has indirectly conceived the length of the engine bay. 
Rear Middle Bulkhead 
Main Roll Hoop 
Engine Mounting Element  
Upper Main Roll Hoop Brace 
Rear Connecting Element 
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The height and width of the rear middle bulkhead is directly corresponded to the 
vertical and lateral coordinate of the inboards pivot points of the rear suspension. This 
condition makes the rear middle bulkhead to be similar to the front middle bulkhead 
and front roll hoop. Variation of the width is also equally impractical since this 
parameter is entirely dependent on the suspension. Therefore, the height and width of 
the rear middle bulkhead are also left unaltered and conceived to be 155mm, 
582.33mm and 360.33mm respectively. 
As the height and width of the main roll hoop have already been conceived in the 
previous parametric analysis, the conceiving of the shape of the chassis is proceeded to 
the next section. 
3.6.2.5. Shape of Rear Suspension Bay 
The rear suspension bay is mainly composed of the rear middle bulkhead, lower main 
roll hoop brace, rear suspension mounting elements, engine mounting elements and 
rear bulkhead. Composition of the rear suspension bay is shown in figure 46. 
 
Figure 46-Composition of rear suspension bay of chassis with each main element named and labeled 
Rear Bulkhead 
Rear Middle Bulkhead 
Engine Mounting Element  
Lower Main Roll Hoop Brace 
Rear Suspension Mounting Element 
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However, not all main parameters of the rear suspension bay are conceived. Just like 
the front suspension bay, the length of the rear suspension bay is directly related to the 
A-arm spread of the suspension because of its strong influence to the camber and toe 
stiffness of the suspension. With the inboard mounting points of the suspension being 
also the inboard ends of A-arms, the A-arms spread also determines the length of the 
rear suspension bays. Therefore, the length of the rear suspension bay is left unaltered 
and conceived to be 350mm. 
With the height and width of the rear middle bulkhead already conceived, only the 
height and width of the rear bulkhead is conceived in the next parametric analysis. 
3.6.2.5.1. Height of Rear Bulkhead 
The height of the rear bulkhead is varied from 225.4mm to 375.4mm at an interval of 
25mm. The chassis model of this phase is termed chassis 10. Each variation of chassis 
10 is analyzed for structural torsional stiffness and the weight of each variation is 
logged. The variation of height of the rear bulkhead is shown in figure 47. 
 
Figure 47-Variation of height of rear bulkhead of chassis 10 with no influence to other elements 
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225.4 -50 24.19 641.89 26.54 
250.4 -25 24.23 641.86 26.49 
275.4 (Chassis 9 of 750.4mm) 0 24.26 641.84 26.46 
300.4 25 24.30 641.82 26.41 
325.4 50 24.34 641.81 26.37 
350.4 75 24.37 641.80 26.34 
375.4 100 24.41 641.79 26.29 
Table 11-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 10 
with respect to variation of height of rear bulkhead 
 
Graph 13-Specific structural torsional stiffness of chassis 10 with respect to variation of height of rear 
bulkhead 
The result of variation of the height of the rear bulkhead is shown in table 11 and 
graph 13. As the height increases, the structural torsional stiffness of chassis 10 falls 
while the weight rises. The structural torsional stiffness falls because the opening of 
the rear bulkhead heightens with the increasing height. This causes the upper lateral 
element of the rear bulkhead to shift upwards, thus weakens the chassis model, 
particularly in the lateral direction of the rear of the chassis model. As a result, the 
specific structural torsional stiffness of chassis 10 falls around 1% at the end of the 
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Chassis 10 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 10 fulfills these requirements. 
Easy access of tools is identified, required driver ergonomics is achieved and FSAE 
regulations are met. Supplementary information of chassis 10 is shown in the 
appendices, A10. 
3.6.2.5.2. Width of Rear Bulkhead 
Similar to the case of the front middle bulkhead, front roll hoop and rear middle 
bulkhead, the width of the rear bulkhead is also directly related to the inboard pivot 
points of the suspension. Variation of the width is equally impractical since this 
parameter is entirely dependent on the suspension. Therefore, the width of the rear 
bulkhead is also left unaltered and conceived to be 360.33mm and 628.47mm 
respectively. 
3.6.3. Orientation of Brace 
Within the conceived shape of the chassis model, the orientation of braces of bays is 
conceived. Each bay of the chassis model is composed of upper bay zone, side bay 
zone and lower bay zone. The orientation of braces is analyzed and conceived at one 
bay at a time. The sequence is as followed: foot well, front suspension bay, driver 
cockpit, engine bay and rear suspension bay. 
Round extrusion of 0.75” x 0.049” is utilized because it is the most commonly used 
extrusion for braces of FSAE chassis. Nevertheless, the type of extrusion used does not 
affect the conceiving of the orientation of braces. The extrusion merely serves to aid 
the comparison between variations of orientation. After every parametric variation, the 
varied chassis model is analyzed for structural torsional stiffness. The effect of the 
variation is investigated and the weight of the chassis model is logged. 
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After every parametric analysis, the varied chassis model is analyzed with the models 
discussed in section 3.5.7. Orientation of braces is conceived for the highest attainable 
specific structural torsional stiffness that also satisfies the rule, auxiliary and driver 
ergonomics requirement. 
3.6.3.1. Foot Well 
There are three zones in the foot well which braces are placed, namely upper foot well, 
side foot well and lower foot well. They are shown in figure 48. 
  
Figure 48-From left to right, upper foot well (plan view), lower foot well (bottom view) and side foot well 
(side view) 
3.6.3.1.1. Upper Foot Well 
The brace of the upper foot well is varied with three orientations. The chassis model of 
this phase is termed chassis 11. Each variation of chassis 11 is analyzed for structural 
torsional stiffness and the weight of each variation is logged. The variation of 




Figure 49-From left to right, “\” brace, “/” brace and cross brace, each inserted to upper foot well in 
alternating sequence 






Specific STS of 
Chassis 
(Nm/deg/kg) 
No Brace (Chassis 10 of 225.4mm) 1 24.19 641.89 26.54 
" \ " Brace 2 24.47 647.47 26.46 
" / " Brace 3 24.47 647.48 26.46 
Cross Brace 4 24.74 648.02 26.19 
Table 12-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 11 
with respect to variation of orientation of brace 
 
Chart 2- Specific structural torsional stiffness of chassis 11 with respect to variation of orientation of brace 
The result of variation of the orientation of the brace for upper foot well is shown in 
table 12 and chart 2. Variation 1, 2 and 3 have the same specific structural torsional 
stiffness because the structural torsional stiffness and weight of each of these 
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variation 4 indicates that the use of cross brace is unnecessary in this zone. However, 
variation 1 is not conceived even though it has the lowest weight. This is because its 
un-triangulated upper foot well compromises the structural integrity of the chassis 
model. Variation 3 is conceived instead because it has a slightly higher specific 
structural stiffness. 
Chassis 11 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 11 fulfills these requirements. 
Easy access of tools is identified, required driver ergonomics is achieved and FSAE 
regulations are met. Supplementary information of chassis 11 is shown in the 
appendices, A11. 
3.6.3.1.2. Side Foot Well 
The brace of the side foot well is varied with three orientations. The chassis model of 
this phase is termed chassis 12. Each variation of chassis 12 is analyzed for structural 
torsional stiffness and the weight of each variation is logged. The variation of 
orientation is shown in figure 50. 
 




Brace Description Brace Variation 
Weight of 
Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of 
Chassis (Nm/deg/kg) 
No Brace (Chassis 11 of “/”) 1 24.47 647.48 26.46 
" \ " Brace 2 24.99 651.75 26.08 
" / " Brace 3 25.11 649.56 25.87 
Cross Brace 4 25.63 655.80 25.59 
Table 13-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 12 
with respect to variation of orientation of brace 
 
Chart 3-Specific structural torsional stiffness of chassis 12 with respect to variation of orientation of brace 
The result of variation of the orientation of the brace for side foot well is shown in 
table 13 and chart 3. Variation 1 has the highest specific structural torsional stiffness 
while variation 4 has the lowest. This indicates that the use of cross brace is 
unnecessary in this zone. Comparatively, variation 2 and 3 are more efficient. 
However, variation 1 is not conceived because its un-triangulated side foot well 
compromises the structural integrity of the chassis model. Variation 2 is conceived 
instead because it has the second highest specific structural torsional stiffness. 
Chassis 12 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 12 fulfills these requirements. 
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regulations are met. Supplementary information of chassis 12 is shown in the 
appendices, A12. 
3.6.3.1.3. Lower Foot Well 
The brace of the lower foot well is varied with three orientations. The chassis model of 
this phase is termed chassis 13. Each variation of chassis 13 is analyzed for structural 
torsional stiffness and the weight of each variation is logged. The variation of 
orientation is shown in figure 51. 
 
Figure 51-From left to right, “/” brace, “\” brace and cross brace, each inserted to lower foot well in 
alternating sequence 







Specific STS of 
Chassis 
(Nm/deg/kg) 
No Brace (Chassis 12 of “/” Brace) 1 24.99 651.75 26.08 
" / " Brace 2 25.27 691.96 27.38 
" \ " Brace 3 25.27 691.69 27.37 
Cross Brace 4 25.54 694.22 27.18 
Table 14-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 13 




Chart 4-Specific structural torsional stiffness of chassis 13 with respect to variation of orientation of brace 
The result of variation of the orientation of the brace for lower foot well is shown in 
table 14 and chart 4. Variation 1 has the lowest specific structural torsional stiffness 
while variation 2 has the highest. Variation 3 has slightly lower specific structural 
torsional stiffness even though it has the similar orientation as variation 2. The 
structural torsional stiffness of variation 4 is only slightly higher than that of variation 
2 and 3. As a result, its specific structural torsional stiffness is lower than that of 
variation 2 and 3 because its rise of weight is significantly higher than the other two. 
Therefore, variation 2 is conceived. 
Chassis 13 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 13 fulfills these requirements. 
Easy access of tools is identified, required driver ergonomics is achieved and FSAE 
regulations are met. Supplementary information of chassis 13 is shown in the 
appendices, A13. 
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There are three zones in the front suspension bay which braces are placed, namely 
front side bay, upper front bay and lower front bay. They are shown in figure 52. 
 
Figure 52-From left to right, front side bay (side view), upper front bay (plan view) and lower front bay 
(bottom view) 
3.6.3.2.1. Front Side Bay 
The brace of the front side bay is varied with four orientations. The chassis model of 
this phase is termed chassis 14. Each variation of chassis 14 is analyzed for structural 
torsional stiffness and the weight of each variation is logged. The variation of 
orientation is shown in figure 53. 
 
Figure 53-From left to right, chevron brace, cross brace, diamond brace and reverse chevron brace, each 
inserted to front side bay in alternating sequence 
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Brace Description Brace Variation 
Weight of 
Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of Chassis 
(Nm/deg/kg) 
No Brace (Chassis 13 
of “/” Brace) 1 25.27 691.96 27.38 
Cross Brace 2 26.44 769.87 29.12 
Chevron Brace 3 26.44 774.24 29.28 
Reverse Chevron 
Brace 4 26.44 813.30 30.76 
Diamond Brace 5 26.44 820.50 31.03 
Table 15-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 14 
with respect to variation of orientation of brace 
 
Chart 5-Specific structural torsional stiffness of chassis 14 with respect to variation of orientation of brace 
The result of variation of the orientation of the brace for front side bay is shown in 
table 15 and chart 5. The structural torsional stiffness rises as the variation varies from 
2 to 5 even through these variations are of the same weight. Hence, variation 5 has the 
highest specific structural torsional stiffness. Variation 3 and 4 has similar orientation, 
yet the specific structural torsional stiffness of variation 4 is significantly higher than 
that of variation 3. Variation 2 has the second lowest specific structural torsional 
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Chassis 14 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 14 fulfills these requirements. 
Easy access of tools is identified, required driver ergonomics is achieved and FSAE 
regulations are met. Supplementary information of chassis 14 is shown in the 
appendices, A14. 
3.6.3.2.2. Upper Front Bay 
The brace of the upper front bay is varied with seven orientations. The chassis model 
of this phase is termed chassis 15. Each variation of chassis 15 is analyzed for 
structural torsional stiffness and the weight of each variation is logged. The variation 
of orientation is shown in figure 54. 
 
Figure 54-From left to right, “/” brace, lateral & “<” brace, lateral & “/” brace, lateral & cross brace, lateral 






Brace Description Brace Variation 
Weight of 
Chassis (kg) 





No Brace (Chassis 14 of Diamond 
Brace) 1 26.44 820.50 31.03 
"\" Brace 2 26.70 835.18 31.28 
"/" Brace 3 26.70 835.04 31.27 
Cross Brace 4 26.95 837.06 31.06 
Lateral & "/" Brace 5 27.03 839.48 31.06 
Lateral & "<" Brace 6 27.03 839.15 31.05 
Lateral Brace 7 26.63 826.14 31.02 
Lateral & Cross Brace 8 27.41 841.87 30.71 
Table 16-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 15 
with respect to variation of orientation of brace 
 
Chart 6-Specific structural torsional stiffness of chassis 15 with respect to variation of orientation of brace 
The result of variation of the orientation of the brace for upper front bay is shown in 
table 16 and chart 6. The structural torsional stiffness and weight rises as the variation 
becomes more complicated. Among these variations, variation 2 has the highest 
specific structural torsional stiffness while variation 8 has the lowest. Although 
variation 8 has the highest structural torsional stiffness, its complicated construction 
has caused it to be the heaviest, thus offset the gain of the structural torsional stiffness. 
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Chassis 15 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 15 fulfills these requirements. 
Easy access of tools is identified, required driver ergonomics is achieved and FSAE 
regulations are met. Supplementary information of chassis 15 is shown in the 
appendices, A15. 
3.6.3.2.3. Lower Front Bay 
The brace of the lower front bay is varied with seven orientations. The chassis model 
of this phase is termed chassis 16. Each variation of chassis 16 is analyzed for 
structural torsional stiffness and the weight of each variation is logged. The variation 
of orientation is shown in figure 55. 
 
Figure 55-From left to right, “/” brace, lateral & “<” brace, lateral & “/” brace, lateral & cross brace, lateral 
brace, cross brace and “\” brace, each inserted to lower front bay in alternating sequence 
94 
 
Brace Description Brace Variation 
Weight of 
Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of Chassis 
(Nm/deg/kg) 
No Brace (Chassis 15 
of “\” Brace) 1 26.70 835.18 31.28 
Lateral Brace 2 26.90 858.27 31.91 
"\" Brace 3 26.96 911.73 33.82 
"/" Brace 4 26.96 912.35 33.84 
Cross Brace 5 27.21 921.50 33.87 
Lateral & "/" Brace 6 27.30 924.87 33.88 
Lateral & Cross Brace 7 27.69 939.65 33.93 
Lateral & "<" Brace 8 27.30 926.61 33.94 
Table 17-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 16 
with respect to variation of orientation of brace 
 
Chart 7-Specific structural torsional stiffness of chassis 16 with respect to variation of orientation of brace 
The result of variation of the orientation of the brace for lower front bay is shown in 
table 17 and chart 7. The structural torsional stiffness and weight rises as the variation 
becomes more complicated. The specific structural torsional stiffness also rises with 
the increasing complexity. The lateral brace is able to stiffen and strengthen the chassis 
model efficiently due to its close proximity to the lower mounting of the dampers. The 
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model to a great extent. As a result, variation 8 has the highest specific structural 
torsional stiffness. Hence, it is conceived. 
Chassis 16 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 16 fulfills these requirements. 
Easy access of tools is identified, required driver ergonomics is achieved and FSAE 
regulations are met. Supplementary information of chassis 16 is shown in the 
appendices, A16. 
3.6.3.3. Driver Cockpit 
There are two zones in the driver cockpit which braces are placed, namely side driver 
cockpit and lower driver cockpit. They are shown in figure 56. 
  
Figure 56-From left to right, side driver cockpit (side view) and lower driver cockpit (plan view) 
3.6.3.3.1. Side Driver Cockpit 
The brace of the side driver cockpit is varied with four orientations. The chassis model 
of this phase is termed chassis 17. Each variation of chassis 17 is analyzed for 
structural torsional stiffness and the weight of each variation is logged. The variation 




Figure 57-From left to right, longitudinal brace, longitudinal & “\” brace, longitudinal & “/” brace and 
longitudinal & cross brace, each inserted to side driver cockpit in alternating sequence 
Brace Description Brace Variation 
Weight of 
Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of 
Chassis (Nm/deg/kg) 
No Brace (Chassis 16 of 
Lateral & “<” Brace) 1 27.30 927.98 33.99 
Longitudinal Brace 2 27.96 1468.50 52.52 
Longitudinal & "\" Brace 3 28.68 1876.60 65.43 
Longitudinal & "/" Brace 4 28.60 1904.90 66.60 
Longitudinal & Cross 
Brace 5 29.27 1957.50 66.88 
Table 18-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 17 
with respect to variation of orientation of brace 
 
Chart 8-Specific structural torsional stiffness of chassis 17 with respect to variation of orientation of brace 
The result of variation of the orientation of the brace for side driver cockpit is shown in 
table 18 and chart 8. Variation 5 has the highest specific structural torsional stiffness. 
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chassis model to a tremendous extend. An estimated rise of around 110% in structural 
torsional stiffness is achieved through variation 5. As mentioned, the driver cockpit 
contributes largely to the overall torsional deflection of the chassis model. The bracing 
of the driver cockpit reduces this contribution, hence, stiffens and strengthens the 
chassis model. As a result, variation 5 is conceived. 
Chassis 17 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 17 fulfills these requirements. 
Easy access of tools is identified, required driver ergonomics is achieved and FSAE 
regulations are met. Supplementary information of chassis 17 is shown in the 
appendices, A17. 
3.6.3.3.2. Lower Driver Cockpit 
The brace of the lower driver cockpit is varied with three orientations. The chassis 
model of this phase is termed chassis 18. Each variation of chassis 18 is analyzed for 
structural torsional stiffness and the weight of each variation is logged. The variation 
of orientation is shown in figure 58. 
 




Brace Description Brace Variation 
Weight of 
Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of 
Chassis (Nm/deg/kg) 
No Brace (Chassis 17 of 
Longitudinal & Cross 
Brace) 
1 29.27 1957.50 66.88 
Cross Brace 2 30.11 2014.10 66.89 
"\" Brace 3 29.69 1993.10 67.13 
"/" Brace 4 29.69 1994.10 67.16 
Table 19-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 18 
with respect to variation of orientation of brace 
 
Chart 9-Specific structural torsional stiffness of chassis 18 with respect to variation of orientation of brace 
The result of variation of the orientation of the brace for lower driver cockpit is shown 
in table 19 and chart 9. Variation 4 has the highest specific structural torsional 
stiffness. Although variation 2 has the highest structural torsional stiffness, its high rise 
of weight has offset this gain. This causes variation 2 to have the second lowest 
specific structural torsional stiffness, thus indicates that the use of cross brace in this 
zone is unnecessary. As a result, variation 4 is conceived. 
Chassis 18 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 18 fulfills these requirements. 
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regulations are met. Supplementary information of chassis 18 is shown in the 
appendices, A18. 
3.6.3.4. Engine Bay 
There are three zones in the driver cockpit which braces are placed, namely upper side 
engine bay, lower side engine bay and lower engine bay. They are shown in figure 59. 
   
Figure 59-From left to right, upper side engine bay (side view), lower side engine bay (side view) and lower 
engine bay (bottom view) 
3.6.3.4.1. Upper Side Engine Bay 
The brace of the upper side engine bay is varied with seven orientations. The chassis 
model of this phase is termed chassis 19. Each variation of chassis 19 is analyzed for 
structural torsional stiffness and the weight of each variation is logged. The variation 




Figure 60-From left to right, double parallel brace, double (engine) brace, single (engine) brace, single (rear 
pivot) brace, double cross brace, double (rear pivot) brace and triple brace, each inserted to upper side engine 
bay in alternating sequence 
Brace Description Brace Variation 
Weight of 
Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of Chassis 
(Nm/deg/kg) 
No Brace (Chassis 18 
of “/” Brace) 1 29.69 1994.10 67.16 
Double Brace Parallel 2 30.53 2083.30 68.24 
Double Brace (Engine) 3 30.52 2096.10 68.68 
Single Brace (Engine) 4 30.08 2069.10 68.79 
Single Brace (Rear 
Pivot) 5 30.10 2178.40 72.37 
Double Brace Cross 6 30.54 2228.60 72.97 
Double Brace (Rear 
Pivot) 7 30.52 2235.10 73.23 
Triple Brace 8 30.91 2343.30 75.81 
Table 20-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 19 




Chart 10-Specific structural torsional stiffness of chassis 19 with respect to variation of orientation of brace 
The result of variation of the orientation of the brace for upper side engine bay is 
shown in table 20 and chart 10. The structural torsional stiffness is strongly influenced 
by the selection of the bracing engagement. The structural torsional stiffness of the 
variation that engages the rear upper pivot point in the bracing is significantly higher 
than that of the variation that only engages the engine mounting point. This is because 
the engagement provides a more direct load path for the loads applied to the chassis 
model. It helps to distribute the loads more efficiently, thus aids the stiffening and 
strengthening of the chassis model. Although the weight rises as the number of braces 
increases, the high rise of structural torsional stiffness demonstrated by variation 8 
beats the weight gain. As a result, variation 8 has the highest specific structural 
torsional stiffness. Hence, it is conceived. 
Chassis 19 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 19 fulfills these requirements. 
Easy access of tools is identified, required driver ergonomics is achieved and FSAE 
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3.6.3.4.2. Lower Side Engine Bay 
The brace of the lower side engine bay is varied with seven orientations. The chassis 
model of this phase is termed chassis 20. Each variation of chassis 20 is analyzed for 
structural torsional stiffness and the weight of each variation is logged. The variation 
of orientation is shown in figure 61. 
 
Figure 61-From left to right, “\” brace, “/” brace, integrated cross brace and cross brace, each inserted to 
lower side engine bay in alternating sequence 
Brace Description Brace Variation 
Weight of 
Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of Chassis 
(Nm/deg/kg) 
No Brace (Chassis 19 of 
Triple Brace) 1 30.91 2343.30 75.81 
"\" Brace 2 31.36 2408.50 76.80 
Integrated Cross 3 31.52 2423.70 76.89 
Cross Brace 4 31.80 2590.90 81.47 
"/" Brace 5 31.30 2575.80 82.29 
Table 21-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 20 




Chart 11-Specific structural torsional stiffness of chassis 20 with respect to variation of orientation of brace 
The result of variation of the orientation of the brace for lower side engine bay is 
shown in table 21 and chart 11. The structural torsional stiffness and weight rises as 
the variation becomes more complicated. Among these variations, variation 5 has the 
second lowest weight and second highest structural torsional stiffness. The 
combination of these two causes this variation to have the highest specific structural 
torsional stiffness. This outcome is somewhat similar to that of the previous parametric 
analysis, of which the rear upper pivot point plays the key role in the stiffening and 
strengthening of the chassis model. As a result, variation 5 is conceived. 
Chassis 20 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 20 fulfills these requirements. 
Easy access of tools is identified, required driver ergonomics is achieved and FSAE 
regulations are met. Supplementary information of chassis 20 is shown in the 
appendices, A20. 
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The brace of the lower engine bay is varied with seven orientations. The chassis model 
of this phase is termed chassis 21. Each variation of chassis 21 is analyzed for 
structural torsional stiffness and the weight of each variation is logged. The variation 
of orientation is shown in figure 62. 
 
Figure 62-From left to right, lateral brace, “\” brace, “/” brace, lateral & “\” brace, lateral & “/” brace, lateral 
& cross brace and cross brace, each inserted to lower engine bay in alternating sequence 
Brace Description Brace Variation 
Weight of 
Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of Chassis 
(Nm/deg/kg) 
No Brace (Chassis 20 
of “/” Brace) 1 31.31 2575.80 82.27 
Lateral Brace 2 31.51 2594.80 82.35 
"\" Brace 3 31.65 2758.80 87.17 
"/" Brace 4 31.65 2767.50 87.44 
Lateral & "\" Brace 5 31.84 2856.5 89.71 
Lateral & "/" Brace 6 31.84 2860.9 89.85 
Lateral & Cross Brace 7 32.16 2913.3 90.59 
Cross Brace 8 31.98 2911.10 91.03 
Table 22-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 21 





Chart 12-Specific structural torsional stiffness of chassis 21 with respect to variation of orientation of brace 
The result of variation of the orientation of the brace for lower engine bay is shown in 
table 22 and chart 12. The structural torsional stiffness and weight rises as the variation 
becomes more complicated. The specific structural torsional stiffness also rises with 
the increasing complexity, however with the exception of variation 7 and 8. The cross 
brace of variation 8 is sufficient to stiffen and strengthen the chassis model. The lateral 
brace, as demonstrated in variation 2 and 7, does not perform these duties efficiently. 
As a result, variation 8 is conceived. 
Chassis 21 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 21 fulfills these requirements. 
Easy access of tools is identified, required driver ergonomics is achieved and FSAE 
regulations are met. Supplementary information of chassis 21 is shown in the 
appendices, A21. 
3.6.3.5. Rear Suspension Bay 
There are two zones in the rear suspension bay which braces are placed, namely upper 


































Figure 63-From left to right, upper rear side bay (side view) and lower rear side bay (side view) 
3.6.3.5.1. Upper Rear Side Bay 
The brace of the upper rear side bay is varied with three orientations. The chassis 
model of this phase is termed chassis 22. Each variation of chassis 22 is analyzed for 
structural torsional stiffness and the weight of each variation is logged. The variation 
of orientation is shown in figure 64. 
 
Figure 64-From left to right, “/” brace, longitudinal brace, and longitudinal & “/” brace, each inserted to upper 
rear side bay in alternating sequence 
Brace Description Brace Variation 
Weight of 
Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of Chassis 
(Nm/deg/kg) 
No Brace (Chassis 21 of 
Cross Brace) 1 31.98 2911.10 91.03 
"/" Brace 2 32.22 2930.40 90.95 
Longitudinal Brace 3 32.43 2920.30 90.05 
Longitudinal & "/" 
Brace 4 32.72 2941.50 89.90 
Table 23-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 22 




Chart 13-Specific structural torsional stiffness of chassis 22 with respect to variation of orientation of brace 
The result of variation of the orientation of the brace for upper rear side bay is shown 
in table 23 and chart 13. Efficient stiffening and strengthening of the chassis model is 
not achieved through the bracing of this zone. The associated rise of weight with the 
bracing beats the rise of structural torsional stiffness. This causes variation 1 to have 
the highest specific structural torsional stiffness. As a result, variation 1 is conceived. 
Although there is no bracing in this variation, the structural integrity of the chassis 
model is not compromised. The existence of the main roll hoop brace ensures the 
structural integrity of the chassis model. 
Because this variation has already fulfilled the driver ergonomics, auxiliary and rule 
requirement, chassis 22 is not analyzed for these requirements. Supplementary 
information of chassis 22 is shown in the appendices, A22. 
3.6.3.5.2. Lower Rear Side Bay 
The brace of the lower rear side bay is varied with two orientations. The chassis model 
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structural torsional stiffness and the weight of each variation is logged. The variation 
of orientation is shown in figure 65. 
  
Figure 65-From left to right, cross brace and “/” brace, each inserted to lower rear side bay in alternating 
sequence 
Brace Description Brace Variation 
Weight of 
Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of Chassis 
(Nm/deg/kg) 
No Brace (Chassis 22 
of No Brace) 1 31.98 2911.10 91.03 
"/" Brace 2 32.49 2954.20 90.93 
Cross Brace 3 32.92 2986.00 90.70 
Table 24-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 23 
with respect to variation of orientation of brace 
 
Chart 14-Specific structural torsional stiffness of chassis 23 with respect to variation of orientation of brace 
The result of variation of the orientation of the brace for lower rear side bay is shown 
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stiffness while variation 3 has the lowest. This outcome is somewhat similar to that of 
the previous parametric analysis, of which the bracing of the zone does not efficiently 
stiffen and strengthen the chassis model. However, variation 1 is not conceived even 
though it has the highest specific structural torsional stiffness. This is because its un-
triangulated lower rear side bay compromises the structural integrity of the chassis 
model. Therefore, variation 2 is conceived instead due to its second lowest weight and 
second highest specific structural stiffness.  
Chassis 23 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 23 fulfills these requirements. 
Easy access of tools is identified, required driver ergonomics is achieved and FSAE 
regulations are met. However, round extrusion of 1” x 0.049” is used instead of 0.75” 
x 0.049”. This is because of FSAE regulation (B.3.3.1). The “/” brace of variation 2 
does not only triangulate the zone, it also has the duty of supporting the main roll hoop 
brace. Therefore, it has to be constructed with the round extrusion of 1” x 0.049”. 
Supplementary information of chassis 23 is shown in the appendices, A23. 
3.6.4. Cross Section of Structural Element 
Within the conceived shape and orientation of braces of the chassis model, the cross 
section of structural elements is conceived. Almost all non-mandated structural 
elements are involved in this phase. Only those that are mandated are left unaltered. 
Each bay of the chassis model is composed of upper bay zone, side bay zone and lower 
bay zone. The cross section of structural elements is analyzed and conceived at one 
bay at a time. The sequence is as followed: foot well, front suspension bay, driver 




Chart 15-Specific second moment of area of extrusion with respect to cross section of extrusion 










Moment of Area 
(x 1010 m4/kg) 
1 0.375" x 0.035" 0.8890 6.350 5.8363E-11 0.122 4.77 
2 0.375" x 0.049" 1.2446 6.350 6.8905E-11 0.160 4.30 
3 0.5" x 0.035" 0.8890 12.700 5.7846E-10 0.265 21.84 
4 0.5" x 0.049" 1.2446 12.700 7.4339E-10 0.360 20.67 
5 0.75" x 0.035" 0.8890 19.050 2.0961E-09 0.407 51.47 
6 0.75" x 0.049" 1.2446 19.050 2.7724E-09 0.559 49.59 
7 1" x 0.035" 0.8890 25.400 5.1477E-09 0.550 93.65 
8 1" x 0.049" 1.2446 25.400 6.9069E-09 0.758 91.07 
Table 25-Weight, second moment of area and specific second moment of area of extrusion with respect to 
cross section of extrusion 
Cross section of structural elements is conceived with the use of a list of extrusions. 
This list is generated based on the availability of the extrusions on the market and 
efficiency of stiffening and strengthening of extrusions. Based on past experience, this 
list of extrusions is sufficiently comprehensive for the design and analysis of the 
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structural torsional stiffness. The effect of the variation is investigated and the weight 
of the chassis model is logged. 
After every parametric analysis, the varied chassis model is analyzed with the models 
discussed in section 3.5.7. Cross section of structural elements is conceived for the 
highest attainable specific structural torsional stiffness that also satisfies the rule, 
auxiliary and driver ergonomics requirement. 
3.6.4.1. Foot Well 
There are three non-mandated structural elements in the foot well, namely upper foot 
well brace, side foot well brace and lower foot well brace. They are shown in figure 
66. 
 
Figure 66-From left to right, upper foot well brace, side foot well brace and lower foot well brace, of which 
cross section of structural element is varied 
3.6.4.1.1. Upper Foot Well Brace 
The cross section of the structural element for upper foot well brace is varied with 
eight types of cross section listed in table 25. The chassis model of this phase is termed 
chassis 24. Each variation of chassis 24 is analyzed for structural torsional stiffness 
and the weight of each variation is logged. The variation of orientation is shown in 
figure 67. 
Upper Foot Well Brace  
Side Foot Well Brace  




Figure 67-From left to right, 0.75” x 0.049” (green), 1” x 0.035” (light purple), 1” x 0.049” (purple), 0.375” x 
0.049” (dark red), 0.0375” x 0.035” (pink), 0.75” x 0.035” (light green), 0.5” x 0.049” (cyan) and 0.5” x 
0.035” (light blue) 
Cross Section Variation Weight of Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of Chassis 
(Nm/deg/kg) 
0.75" x 0.049" (Chassis 
23 of “/” Brace) 1 32.57 2954.20 90.70 
1" x 0.035" 2 32.49 2957.80 91.04 
1" x 0.049" 3 32.59 2964.90 90.98 
0.75" x 0.035" 4 32.41 2947.10 90.93 
0.5" x 0.049" 5 32.39 2942.80 90.86 
0.375" x 0.049" 6 32.34 2931.10 90.63 
0.5" x 0.035" 7 32.34 2930.80 90.62 
0.375" x 0.035" 8 32.31 2915.10 90.22 
Table 26-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 24 




Chart 16-Specific structural torsional stiffness of chassis 24 with respect to variation of cross section of 
structural element 
The result of variation of the cross section of the structural element for upper foot well 
brace is shown in table 26 and chart 16. The orientation of upper foot well is relatively 
more complex in the chassis model. Therefore, bending stress exists in the structural 
elements. This circumstance causes variation 2 to have the highest specific structural 
torsional stiffness, due to its use of 1” x 0.035”. The relatively highest specific second 
moment of area of 1” x 0.035” has efficiently aided the stiffening and strengthening of 
upper foot well and thus the chassis model. As a result, variation 2 is conceived. 
Chassis 24 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 24 fulfills these requirements. 
Easy access of tools is identified, required driver ergonomics is achieved and FSAE 
regulations are met. Supplementary information of chassis 24 is shown in the 
appendices, A24. 




























Cross Section Variation 
Specific STS of Chassis vs Cross Section Variation 
114 
 
The cross section of the structural element of side foot well brace is varied with eight 
types of cross section listed in table 25. The chassis model of this phase is termed 
chassis 25. Each variation of chassis 25 is analyzed for structural torsional stiffness 
and the weight of each variation is logged. The variation of orientation is shown in 
figure 68. 
 
Figure 68-From left to right, 0.75” x 0.049” (green), 1” x 0.035” (light purple), 1” x 0.049” (purple), 0.375” x 
0.049” (dark red), 0.0375” x 0.035” (pink), 0.75” x 0.035” (light green), 0.5” x 0.049” (cyan) and 0.5” x 
0.035” (light blue) 
Cross Section Variation Weight of Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of 
Chassis (Nm/deg/kg) 
0.75" x 0.049" (Chassis 
24 of 1” x 0.035”) 1 32.49 2957.80 91.04 
0.75" x 0.035" 2 32.34 2945.20 91.07 
1" x 0.035" 3 32.48 2955.00 90.98 
0.5" x 0.049" 4 32.30 2933.30 90.81 
1" x 0.049" 5 32.68 2965.40 90.74 
0.375" x 0.049" 6 32.20 2917.70 90.61 
0.5" x 0.035" 7 32.21 2918.10 90.60 
0.375" x 0.035" 8 32.14 2899.90 90.23 
Table 27-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 25 




Chart 17-Specific structural torsional stiffness of chassis 25 with respect to variation of cross section of 
structural element 
The result of variation of the cross section of the structural element for side foot well 
brace is shown in table 27 and chart 17. As shown previously, the bracing of side foot 
well is not one of the most efficient means of stiffening and strengthening the chassis 
model. The existence of side foot well brace is mainly to ensure the structural integrity 
of the chassis model. Therefore, balance has to be achieved between structural 
torsional stiffness and weight in order to minimize the weight induced by the brace. 
Among these variations, variation 2 achieves the balance. The combination of its 
fourth highest weight and structural torsional stiffness causes this variation to have the 
highest specific structural torsional stiffness. As a result, variation 2 is conceived. 
Chassis 25 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 25 fulfills the auxiliary and 
driver ergonomics requirement, but fails the rule requirement. Easy access of tools is 
identified and required driver ergonomics is achieved, but FSAE regulations are not 
met (B3.3.1). Side foot well brace does not only triangulate the zone, it also has the 
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the round extrusion of 1” x 0.049”. As a result, variation 5 is conceived instead. This is 
a necessary compromise for the legal participation of NUS FSAE race team. 
Supplementary information of chassis 25 is shown in the appendices, A25. 
3.6.4.1.3. Lower Foot Well Brace 
The cross section of the structural element of lower foot well brace is varied with eight 
types of cross section listed in table 25. The chassis model of this phase is termed 
chassis 26. Each variation of chassis 26 is analyzed for structural torsional stiffness 
and the weight of each variation is logged. The variation of orientation is shown in 
figure 69. 
 
Figure 69-From left to right, 0.75” x 0.049” (green), 1” x 0.035” (light purple), 1” x 0.049” (purple), 0.375” x 
0.049” (dark red), 0.0375” x 0.035” (pink), 0.75” x 0.035” (light green), 0.5” x 0.049” (cyan) and 0.5” x 




Cross Section Variation Weight of Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of Chassis 
(Nm/deg/kg) 
0.75" x 0.049" 
(Chassis 25 of 1” x 
0.049”) 
1 32.68 2965.40 90.74 
0.375" x 0.035" 2 32.49 2957.00 91.01 
0.375" x 0.049" 3 32.53 2959.80 90.99 
0.5" x 0.035" 4 32.53 2959.70 90.98 
0.5" x 0.049" 5 32.58 2962.10 90.92 
0.75" x 0.035" 6 32.60 2963.50 90.90 
1" x 0.035" 7 32.67 2966.30 90.80 
1" x 0.049" 8 32.78 2967.80 90.54 
Table 28-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 26 
with respect to variation of cross section of structural element 
 
Chart 18-Specific structural torsional stiffness of chassis 26 with respect to variation of cross section of 
structural element 
The result of variation of the cross section of the structural element for lower foot well 
brace is shown in table 28 and chart 18. Contrary to the loading condition of upper foot 
well, the orientation of lower foot well is relatively simpler in the chassis model. 
Therefore, there is less concern with the existence of bending stress in the structural 
elements. Use of cross section with high specific second moment of area is not 
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stiffening and strengthening of the chassis model. With the lowest weight and highest 
specific structural torsional stiffness, variation 2 is hence conceived. 
Chassis 26 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 26 fulfills these requirements. 
Easy access of tools is identified, required driver ergonomics is achieved and FSAE 
regulations are met. Supplementary information of chassis 26 is shown in the 
appendices, A26. 
3.6.4.2. Front Suspension Bay 
There are three non-mandated structural elements in the front suspension bay, namely 
front side bay brace, upper front bay brace, and lower front bay brace. They are shown 
in figure 70. 
 
Figure 70-From left to right, front side bay brace, lower front bay brace and upper front bay brace, of which 
cross section of structural element is varied 
3.6.4.2.1. Front Side Bay Brace 
The cross section of the structural element of front side bay brace is varied with eight 
types of cross section listed in table 25. The chassis model of this phase is termed 
chassis 27. Each variation of chassis 27 is analyzed for structural torsional stiffness 
Front Side Bay Brace  
Lower Front Bay Brace  Lower Front Bay Brace  
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and the weight of each variation is logged. The variation of orientation is shown in 
figure 71. 
 
Figure 71-From left to right, 0.75” x 0.049” (green), 1” x 0.035” (light purple), 1” x 0.049” (purple), 0.375” x 
0.049” (dark red), 0.0375” x 0.035” (pink), 0.75” x 0.035” (light green), 0.5” x 0.049” (cyan) and 0.5” x 
0.035” (light blue) 
Cross Section Variation Weight of Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of Chassis 
(Nm/deg/kg) 
0.75" x 0.049" 
(Chassis 26 of 
0.375” x 0.035”) 
1 32.49 2957.00 91.01 
0.5" x 0.035" 2 31.87 2922.50 91.70 
0.375" x 0.035" 3 31.73 2908.40 91.66 
0.375" x 0.049" 4 31.87 2919.60 91.61 
0.75" x 0.035" 5 32.18 2946.20 91.55 
0.5" x 0.049" 6 32.07 2930.80 91.39 
1" x 0.035" 7 32.48 2963.30 91.23 
1" x 0.049" 8 32.92 2975.40 90.38 
Table 29-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 27 




Chart 19-Specific structural torsional stiffness of chassis 27 with respect to variation of cross section of 
structural element 
The result of variation of the cross section of the structural element for front side bay 
brace is shown in table 29 and chart 19. The primary function of front side bay brace is 
to minimize the distortion of front side bay upon loading. Because of the placement of 
the brace, the structural elements are loaded axially primarily. Therefore, it is not 
necessary to use cross section with high specific second moment of area. The 
achievement of balance between structural torsional stiffness and weight is more focal 
in order to stiffen and strengthen the chassis model efficiently. Among these 
variations, variation 2 achieves the balance. Despite its third lowest structural torsional 
stiffness, it has the highest specific structural torsional stiffness. As a result, variation 2 
is conceived. 
Chassis 27 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 27 fulfills these requirements. 
Easy access of tools is identified, required driver ergonomics is achieved and FSAE 
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3.6.4.2.2. Lower Front Bay Brace 
The cross section of the structural element of lower front bay brace is varied with eight 
types of cross section listed in table 25. The chassis model of this phase is termed 
chassis 28. Each variation of chassis 28 is analyzed for structural torsional stiffness 
and the weight of each variation is logged. The variation of orientation is shown in 
figure 72. 
 
Figure 72-From left to right, 0.75” x 0.049” (green), 1” x 0.035” (light purple), 1” x 0.049” (purple), 0.375” x 
0.049” (dark red), 0.0375” x 0.035” (pink), 0.75” x 0.035” (light green), 0.5” x 0.049” (cyan) and 0.5” x 
0.035” (light blue) 
Cross Section Variation Weight of Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of Chassis 
(Nm/deg/kg) 
0.75" x 0.049" 
(Chassis 27 of 0.5” 
x 0.035”) 
1 31.87 2922.50 91.70 
1" x 0.049" 2 32.09 2984.70 93.01 
1" x 0.035" 3 31.86 2953.20 92.69 
0.75" x 0.035" 4 31.71 2889.60 91.13 
0.5" x 0.049" 5 31.66 2839.70 89.69 
0.5" x 0.035" 6 31.56 2810.90 89.07 
0.375" x 0.049" 7 31.56 2795.30 88.57 
0.375" x 0.035" 8 31.49 2767.40 87.88 
Table 30-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 28 




Chart 20-Specific structural torsional stiffness of chassis 28 with respect to variation of cross section of 
structural element 
The result of variation of the cross section of the structural element for lower front bay 
brace is shown in table 30 and chart 20. Because lower front bay brace is in close 
proximity with the lower mounting of the dampers, it experiences high loads. This 
condition causes variation 2 to have the highest specific structural torsional stiffness, 
due to its use of 1” x 0.049”. The relatively largest cross sectional area and highest 
second moment of area of 1” x 0.049” helps the structural elements to battle the loads, 
thus efficiently aided the stiffening and strengthening of the chassis model. As a result, 
variation 2 is conceived. 
Chassis 28 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 28 fulfills these requirements. 
Easy access of tools is identified, required driver ergonomics is achieved and FSAE 
regulations are met. Supplementary information of chassis 28 is shown in the 
appendices, A28. 
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The cross section of the structural element of upper front bay brace is varied with eight 
types of cross section listed in table 25. The chassis model of this phase is termed 
chassis 29. Each variation of chassis 29 is analyzed for structural torsional stiffness 
and the weight of each variation is logged. The variation of orientation is shown in 
figure 73. 
 
Figure 73-From left to right, 0.75” x 0.049” (green), 1” x 0.035” (light purple), 1” x 0.049” (purple), 0.375” x 
0.049” (dark red), 0.0375” x 0.035” (pink), 0.75” x 0.035” (light green), 0.5” x 0.049” (cyan) and 0.5” x 
0.035” (light blue) 
Cross Section Variation Weight of Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of Chassis 
(Nm/deg/kg) 
0.75" x 0.049" 
(Chassis 28 of 1” x 
0.049”) 
1 32.09 2984.70 93.01 
1" x 0.035" 2 32.08 2988.80 93.17 
1" x 0.049" 3 32.18 2997.80 93.16 
0.75" x 0.035" 4 32.02 2974.50 92.90 
0.5" x 0.049" 5 31.99 2967.70 92.77 
0.5" x 0.035" 6 31.95 2954.70 92.48 
0.375" x 0.049" 7 31.95 2953.40 92.44 
0.375" x 0.035" 8 31.92 2937.70 92.03 
Table 31-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 29 




Chart 21-Specific structural torsional stiffness of chassis 29 with respect to variation of cross section of 
structural element 
The result of variation of the cross section of the structural element for upper front bay 
brace is shown in table 31 and chart 21. The loading condition of upper front bay is 
somewhat similar to that of upper foot well. The existence of bending stress in the 
structural elements is similarly inevitable due to the similarly more complex 
orientation of upper front bay in the chassis model. As variation 2 uses 1” x 0.035”, the 
cross section which has the relatively highest specific second moment of area, it has 
the highest specific structural torsional stiffness. As a result, variation 2 is conceived. 
Chassis 29 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 29 fulfills these requirements. 
Easy access of tools is identified, required driver ergonomics is achieved and FSAE 
regulations are met. Supplementary information of chassis 29 is shown in the 
appendices, A29. 
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There are two non-mandated structural elements in the driver cockpit, namely upper 
driver cockpit brace and lower driver cockpit brace. They are shown in figure 74. 
  
Figure 74-From left to right, upper driver cockpit brace and lower driver cockpit brace, of which cross section 
of structural element is varied 
3.6.4.3.1. Upper Driver Cockpit Brace 
The cross section of the structural element of upper driver cockpit brace is varied with 
eight types of cross section listed in table 25. The chassis model of this phase is termed 
chassis 30. Each variation of chassis 30 is analyzed for structural torsional stiffness 
and the weight of each variation is logged. The variation of orientation is shown in 
figure 75. 





Figure 75-From left to right, 0.75” x 0.049” (green), 1” x 0.035” (light purple), 1” x 0.049” (purple), 0.375” x 
0.049” (dark red), 0.0375” x 0.035” (pink), 0.75” x 0.035” (light green), 0.5” x 0.049” (cyan) and 0.5” x 
0.035” (light blue) 
Cross Section Variation Weight of Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of Chassis 
(Nm/deg/kg) 
0.75" x 0.049" (Chassis 
29 of 1” x 0.035”) 1 32.08 2988.80 93.17 
1" x 0.049" 2 32.76 3099.20 94.60 
1" x 0.035" 3 32.04 3019.60 94.24 
0.75" x 0.035" 4 31.55 2880.20 91.29 
0.5" x 0.049" 5 31.39 2777.80 88.49 
0.5" x 0.035" 6 31.06 2656.60 85.53 
0.375" x 0.049" 7 31.04 2590.10 83.44 
0.375" x 0.035" 8 30.81 2457.50 79.76 
Table 32-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 30 




Chart 22-Specific structural torsional stiffness of chassis 30 with respect to variation of cross section of 
structural element 
The result of variation of the cross section of the structural element for upper driver 
cockpit brace is shown in table 32 and chart 22. Upper driver cockpit brace plays a 
crucial role in minimizing the distortion of the driver cockpit upon loading. It provides 
an additional resistance for the deflection. Therefore, it is highly stressed. This 
circumstance causes variation 2 to have the highest specific structural torsional 
stiffness, due to its use of 1” x 0.049”. The relatively highest second moment of area 
and largest cross sectional area of 1” x 0.049” does not only help to reduce the stresses 
in the brace, but also efficiently aid the stiffening and strengthening of the chassis 
model. As a result, variation 2 is conceived. 
Chassis 30 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 30 fulfills these requirements. 
Easy access of tools is identified, required driver ergonomics is achieved and FSAE 
regulations are met. Supplementary information of chassis 30 is shown in the 
appendices, A30. 



























Cross Section Variation 
Specific STS of Chassis vs Cross Section Variation 
128 
 
The cross section of the structural element of lower driver cockpit brace is varied with 
eight types of cross section listed in table 25. The chassis model of this phase is termed 
chassis 31. Each variation of chassis 31 is analyzed for structural torsional stiffness 
and the weight of each variation is logged. The variation of orientation is shown in 
figure 76. 
 
Figure 76-From left to right, 0.75” x 0.049” (green), 1” x 0.035” (light purple), 1” x 0.049” (purple), 0.375” x 
0.049” (dark red), 0.0375” x 0.035” (pink), 0.75” x 0.035” (light green), 0.5” x 0.049” (cyan) and 0.5” x 
0.035” (light blue) 
Cross Section Variation Weight of Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of Chassis 
(Nm/deg/kg) 
0.75" x 0.049" 
(Chassis 30 of 1” x 
0.049”) 
1 32.76 3099.20 94.60 
0.75" x 0.035" 2 32.65 3093.50 94.75 
0.5" x 0.035" 3 32.54 3082.60 94.73 
0.5" x 0.049" 4 32.61 3088.80 94.72 
1" x 0.035" 5 32.76 3102.90 94.72 
0.375" x 0.049" 6 32.54 3081.70 94.70 
0.375" x 0.035" 7 32.49 3074.90 94.64 
1" x 0.049" 8 32.91 3109.20 94.48 
Table 33-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 31 




Chart 23-Specific structural torsional stiffness of chassis 31 with respect to variation of cross section of 
structural element 
The result of variation of the cross section of the structural element for lower driver 
cockpit brace is shown in table 33 and chart 23. Lower driver cockpit brace is 
comparatively less influential to the structural torsional stiffness of the chassis model, 
compared to upper driver cockpit brace. Therefore, the achievement of balance 
between weight and structural torsional stiffness is crucial in order to efficiently stiffen 
and strengthen the chassis model. Among these variations, variation 2 achieves the 
balance. The combination of its fourth highest weight and structural torsional stiffness 
causes it to have the highest specific structural torsional stiffness. As a result, variation 
2 is conceived. 
Chassis 31 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 31 fulfills these requirements. 
Easy access of tools is identified, required driver ergonomics is achieved and FSAE 
regulations are met. Supplementary information of chassis 31 is shown in the 
appendices, A31. 
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There are three non-mandated structural elements in the engine bay, namely upper rear 
side bay brace, lower rear side bay brace and lower engine bay brace. They are shown 
in figure 77. 
 
Figure 77-From left to right, upper side engine bay brace, lower side engine bay brace and lower engine bay 
brace, of which cross section of structural element is varied 
3.6.4.4.1. Upper Side Engine Bay Brace 
The cross section of the structural element of upper side engine bay brace is varied 
with eight types of cross section listed in table 25. The chassis model of this phase is 
termed chassis 32. Each variation of chassis 32 is analyzed for structural torsional 
stiffness and the weight of each variation is logged. The variation of orientation is 
shown in figure 78. 
Upper Side Engine Bay Brace  




Figure 78-From left to right, 0.75” x 0.049” (green), 1” x 0.035” (light purple), 1” x 0.049” (purple), 0.375” x 
0.049” (dark red), 0.0375” x 0.035” (pink), 0.75” x 0.035” (light green), 0.5” x 0.049” (cyan) and 0.5” x 
0.035” (light blue) 
Cross Section Variation Weight of Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of Chassis 
(Nm/deg/kg) 
0.75" x 0.049" 
(Chassis 31 of 
0.75” x 0.035”) 
1 32.65 3093.50 94.75 
1" x 0.035" 2 32.63 3099.80 95.00 
0.75" x 0.035" 3 32.32 3068.20 94.93 
0.5" x 0.049" 4 32.22 3043.20 94.45 
0.5" x 0.035" 5 32.01 3020.80 94.37 
1" x 0.049" 6 33.34 3145.20 94.34 
0.375" x 0.049" 7 32.00 3014.60 94.21 
0.375" x 0.035" 8 31.86 2993.60 93.96 
Table 34-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 32 




Chart 24-Specific structural torsional stiffness of chassis 32 with respect to variation of cross section of 
structural element 
The result of variation of the cross section of the structural element for upper side 
engine bay brace is shown in table 34 and chart 24. Because of its construction, upper 
side engine bay brace experiences high compressive loads. Therefore, buckling of 
structural elements is of primary concern. This circumstance causes variation 2 to have 
the highest specific structural torsional stiffness, due to its use of 1” x 0.035”. The 
relatively highest specific second moment of area of 1” x 0.035” helps the structural 
elements to battle buckling, thus efficiently aids the stiffening and strengthening of the 
chassis model. As a result, variation 2 is conceived. 
Chassis 32 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 31 fulfills these requirements. 
Easy access of tools is identified, required driver ergonomics is achieved and FSAE 
regulations are met. Supplementary information of chassis 32 is shown in the 
appendices, A32. 
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The cross section of the structural element of lower side engine bay brace is varied 
with eight types of cross section listed in table 25. The chassis model of this phase is 
termed chassis 33. Each variation of chassis 33 is analyzed for structural torsional 
stiffness and the weight of each variation is logged. The variation of orientation is 
shown in figure 79. 
 
Figure 79-From left to right, 0.75” x 0.049” (green), 1” x 0.035” (light purple), 1” x 0.049” (purple), 0.375” x 
0.049” (dark red), 0.0375” x 0.035” (pink), 0.75” x 0.035” (light green), 0.5” x 0.049” (cyan) and 0.5” x 
0.035” (light blue) 
Cross Section Variation Weight of Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of Chassis 
(Nm/deg/kg) 
0.75" x 0.049" 
(Chassis 32 of 1” x 
0.035”)  
1 32.63 3099.80 95.00 
0.375" x 0.049" 2 32.42 3085.40 95.17 
0.75" x 0.035" 3 32.52 3093.50 95.13 
0.375" x 0.035" 4 32.37 3079.10 95.12 
0.5" x 0.035" 5 32.42 3082.10 95.07 
0.5" x 0.049" 6 32.49 3088.40 95.06 
1" x 0.035" 7 32.62 3097.70 94.96 
1" x 0.049" 8 32.77 3103.60 94.71 
Table 35-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 33 




Chart 25-Specific structural torsional stiffness of chassis 33 with respect to variation of cross section of 
structural element 
The result of variation of the cross section of the structural element for lower side 
engine bay brace is shown in table 35 and chart 25. Lower side engine bay is almost-
vertically orientated in the chassis model. Therefore, the structural elements are 
primarily in tension upon loading. Hence, the use of cross section with high second 
moment of area is not necessary. The efficient stiffening and strengthening of the 
chassis model is achieved through attaining balance between structural torsional 
stiffness and weight. Among these variations, variation 2 achieves the balance. 
Although it only has the sixth highest structural torsional stiffness, it has the highest 
specific structural torsional stiffness. As a result, variation 2 is conceived. 
Chassis 33 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 33 fulfills the auxiliary and 
driver ergonomics requirement, but fails the rule requirement. Easy access of tools is 
identified and required driver ergonomics is achieved, but FSAE regulations are not 
met (B3.3.1). Upper side engine bay brace has the duty of providing load path for the 
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round extrusion of 1” x 0.049”. As a result, variation 8 is conceived instead. This is a 
necessary compromise for the legal participation of NUS FSAE race team. 
Supplementary information of chassis 33 is shown in the appendices, A33. 
3.6.4.4.3. Lower Engine Bay Brace 
The cross section of the structural element of lower engine bay brace is varied with 
eight types of cross section listed in table 25. The chassis model of this phase is termed 
chassis 34. Each variation of chassis 34 is analyzed for structural torsional stiffness 
and the weight of each variation is logged. The variation of orientation is shown in 
figure 80. 
 
Figure 80-From left to right, 0.75” x 0.049” (green), 1” x 0.035” (light purple), 1” x 0.049” (purple), 0.375” x 
0.049” (dark red), 0.0375” x 0.035” (pink), 0.75” x 0.035” (light green), 0.5” x 0.049” (cyan) and 0.5” x 
0.035” (light blue) 
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Cross Section Variation Weight of Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of Chassis 
(Nm/deg/kg) 
0.75" x 0.049" 
(Chassis 33 of 1” x 
0.049”) 
1 32.77 3103.60 94.71 
1" x 0.035" 2 32.76 3102.80 94.71 
1" x 0.049" 3 33.01 3124.40 94.65 
0.75" x 0.035" 4 32.59 3080.00 94.51 
0.5" x 0.049" 5 32.54 3064.90 94.19 
0.5" x 0.035" 6 32.43 3038.60 93.70 
0.375" x 0.049" 7 32.42 3035.70 93.64 
0.375" x 0.035" 8 32.34 3007.40 92.99 
Table 36-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of chassis 34 
with respect to variation of cross section of structural element 
 
Chart 26-Specific structural torsional stiffness of chassis 34 with respect to variation of cross section of 
structural element 
The result of variation of the cross section of the structural element for lower engine 
bay brace is shown in table 36 and chart 26. The orientation of lower engine bay is 
relatively more complex in the chassis model. Therefore, there is bending stress in the 
structural elements. However, as the orientation is not as severely complex as those of 
upper foot well and upper front bay, the use of cross section with high specific second 
moment of area is not necessary. The achievement of balance between structural 
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strengthen the chassis model. Among these variations, both variation 1 and 2 achieves 
the balance. They both have the highest specific structural torsional stiffness. 
However, variation 2 is conceived instead because its weight is lower than that of 
variation 1. 
Chassis 34 is then analyzed for driver ergonomics, auxiliary and rule requirement with 
the use of the models discussed in section 3.5.7. Chassis 34 fulfills these requirements. 
Easy access of tools is identified, required driver ergonomics is achieved and FSAE 
regulations are met. Supplementary information of chassis 34 is shown in the 
appendices, A34. 
3.6.4.5. Rear Suspension Bay 
There is only one non-mandated structural element in the rear suspension bay, which is 
lower rear side bay brace. As its cross section has been conceived together with the 
orientation of the brace, it is not conceived in this section. 
3.6.5. Symmetry of Structural Torsional Stiffness of Chassis 34 
The symmetry of structural torsional stiffness of chassis 34 is investigated. Both 
clockwise and counter clockwise scenarios are shown in figure 81. 
 




Graph 14-Structural torsional stiffness of chassis 34 (clockwise torque) 
 
Graph 15-Structural torsional stiffness of chassis 34 (counter-clockwise torque) 
As shown in graph 14 and 15, there is also 0% difference between the structural 
torsional stiffness of both scenarios. This indicates that chassis 34 has symmetrical and 
similar structural torsional stiffness in both scenarios. This also shows that the design 
approach adopted does not only help to improve the performance of the chassis, but 
also preserve the symmetry of the chassis. 
With the investigation completed, chassis 34 is now termed conceived chassis. 

















Angular Deflection (deg) 
Structural Torsional Stiffness of Chassis 34 (Nm/deg) 
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3.6.6. Summary of All Conceived Chassis Models 







Specific TS of 
Chassis 
(Nm/deg/kg) 
Characteristic of Chassis 
Model 
1 Chassis 1 23.38 535.63 22.91 Basic chassis model 
2 Chassis 2 23.49 535.97 22.82 Lengthened foot well 
3 Chassis 3 23.49 535.97 22.82 Unaltered FBH height  
4 Chassis 4 23.33 559.59 23.99 Narrowed FBH 
5 Chassis 5 23.33 559.59 23.99 Unaltered FMBH height 
6 Chassis 6 23.67 535.52 22.62 Heightened FRH 
7 Chassis 7 23.72 600.30 25.31 Shortened driver cockpit 
8 Chassis 8 23.82 605.29 25.41 Heightened MRH 
9 Chassis 9 24.26 641.84 26.46 Widened MRH 
10 Chassis 10 24.19 641.89 26.54 Lowered RBH 
11 Chassis 11 24.47 647.48 26.46 “/” brace 
12 Chassis 12 24.99 651.75 26.08 “/” brace 
13 Chassis 13 25.27 691.96 27.38 “/” brace 
14 Chassis 14 26.44 820.50 31.03 Diamond brace 
15 Chassis 15 26.70 835.18 31.28 “\” brace 
16 Chassis 16 27.30 927.98 33.99 Lateral & “<” brace 
17 Chassis 17 29.27 1957.50 66.88 Longitudinal & cross brace 
18 Chassis 18 29.69 1994.10 67.16 “/” brace 
19 Chassis 19 30.91 2343.30 75.81 Triple brace 
20 Chassis 20 31.31 2575.80 82.27 “/” brace 
21 Chassis 21 31.98 2911.10 91.03 Cross brace 
22 Chassis 22 31.98 2911.10 91.03 No brace 
23 Chassis 23 32.57 2954.20 90.70 “/” brace 
24 Chassis 24 32.49 2957.80 91.04 1” x 0.035” 
25 Chassis 25 32.68 2965.40 90.74 1” x 0.049” 
26 Chassis 26 32.49 2957.00 91.01 0.375” x 0.035” 
27 Chassis 27 31.87 2922.50 91.70 0.5” x 0.035” 
28 Chassis 28 32.09 2984.70 93.01 1” x 0.049” 
29 Chassis 29 32.08 2988.80 93.17 1” x 0.035” 
30 Chassis 30 32.76 3099.20 94.60 1” x 0.049” 
31 Chassis 31 32.65 3093.50 94.75 0.75” x 0.035” 
32 Chassis 32 32.63 3099.80 95.00 1” x 0.035” 
33 Chassis 33 32.77 3103.60 94.71 1” x 0.049” 
34 Chassis 34 32.76 3102.80 94.71 1” x 0.035” 
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A summary of the specific structural torsional stiffness, structural torsional stiffness 
and weight of all conceived chassis models is shown in table 37 and graph 16, 17, 18. 
The elements that contribute the most to the stiffening and strengthening of the 
conceived chassis are: 
i. Side driver cockpit brace 
ii. Upper side engine bay brace 
iii. Lower side engine bay brace 
iv. Lower engine bay brace 
Although these elements stiffen and strengthen the conceived chassis to a tremendous 
extend, they are responsible for introducing weight to the conceived chassis. 
Nevertheless, with the enormous rise of the specific structural torsional stiffness of the 












3.6.7. Comparison between Chassis 1 & Chassis 34 
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Sectional Investigation of Chassis 1 































Location from FBH (m) 
Sectional Investigation of Chassis 34 
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Sectional Investigation of Chassis 1 & Chassis 34 
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The result of investigation of the angular deflection along the length of chassis 1 and 
chassis 34 is shown in graph 19, 20 and 21. Chassis 1 deflects significantly more than 
chassis 34. The increasing angular deflection from the rear end of chassis 1 shows that 
chassis 1 does not have uniformly distributed load paths. The gaps existed between the 
angular deflections of clockwise and counter-clockwise torsional loading scenarios 
indicate that chassis 1 still has slight issue of asymmetry in the construction. 
Comparatively, chassis 34 deflects much less. More uniformly distributed load paths 
exist in chassis 34. The angular deflection along the length of chassis 34 is more 
distributed and the increasing trend is significantly minimized. The absent of gaps 
between the angular deflections of clockwise and counter-clockwise torsional loading 
scenarios indicates that the issue of asymmetry is eliminated in chassis 34. 
Although the weight of 32.76 kg makes chassis 34 40% heavier than chassis 1 (23.38 
kg), its structural torsional stiffness of 3102.8 Nm/deg is 480% higher than that of 
chassis 1 (535.63 Nm/deg). The specific structural torsional stiffness of chassis 34 is 
94.71 Nm/deg/kg, which is 313% higher than that of chassis 1. This makes chassis 34 
a significantly more efficient and effective chassis for FSAE race car. Overall, chassis 
34 fulfills the performance requirement satisfactorily. 
3.6.8. Investigation on Fulfillment of Fundamental Requirement 
Before the finalization of the design and analysis of the chassis, the conceived chassis 
is analyzed for fundamental requirement with the use of static load cases discussed in 




Figure 82-Load application to rear left corner of conceived chassis 
 




Figure 84-Load application to front left corner of conceived chassis 
 
Figure 85-Load application to front right corner of conceived chassis 
In order to fulfill the fundamental requirement, the factors of safety of the conceived 
chassis in all scenarios have to be at least one. This is to ensure that the conceived 
chassis is capable of handling all the loads during the operation of the race car. 
150 
 
Corner Factor of Safety 
Front Left  1.99 
Front Right 1.98 
Rear Left 1.13 
Rear Right 0.92 
Table 38-Safety factor of conceived chassis in all scenarios 
The result of analysis is shown in table 38. The conceived chassis fails the fundamental 
requirement. The factor of safety of the conceived chassis is more than one for almost 
all, but one scenario. In the scenario of rear right corner, the factor of safety of the 
conceived chassis is only 0.92. In order to fulfill the fundamental requirement, the 
conceived chassis has to be modified. Through in-depth investigation, the source of the 
failure is identified. The weakest structural element, lower rear left engine mounting 
element is replaced with a structural element that has the cross section with higher 
second moment of area. The conceived chassis is now termed enhanced conceived 
chassis. The enhanced conceived chassis is then analyzed once more for fundamental 
requirement. All scenarios of re-investigation are shown in figure 86, 87, 88 and 89. 
 




Figure 87-Load application to rear left corner of enhanced conceived chassis 
 




Figure 89-Load application to front left corner of enhanced conceived chassis 
Corner Factor of Safety 
Front Left  1.99 
Front Right 1.98 
Rear Left 1.13 
Rear Right 1.07 
Table 39-Safety factor of enhanced conceived chassis in all scenarios 
The result of re-analysis is shown in table 39. Enhanced conceived chassis fulfills the 
fundamental requirement. The factor of safety of enhanced conceived chassis is more 
than one for all scenarios. Enhanced conceived chassis is investigated once more for 
structural torsional stiffness and symmetry of structural torsional stiffness. 
Cross Section Variation Weight of Chassis (kg) 
STS of Chassis 
(Nm/deg) 
Specific STS of Chassis 
(Nm/deg/kg) 
0.75" x 0.049" 1 32.76 3102.80 94.71 
1" x 0.035" 2 32.76 3093.10 94.42 
Table 40-Weight, structural torsional stiffness (STS) and specific structural torsional stiffness of enhanced 




Graph 22-Structural torsional stiffness of enhanced conceived chassis (clockwise torque) 
 
Graph 23-Structural torsional stiffness of enhanced conceived chassis (counter-clockwise torque) 
The result of re-investigation is shown in table 40, graph 22 and 23. Because of the 
enhancement, there is a slight drop of 0.3% in specific structural torsional stiffness. 
This is a necessary compromise for the proper functioning of the chassis.  
As shown in the graph, the difference between the structural torsional stiffness of both 
scenarios is still 0%. This indicates that the symmetry of enhanced conceived chassis is 
not influenced by the enhancement.  

















Angular Deflection (deg) 
Structural Torsional Stiffness of Enhanced Conceived 
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With the investigation and enhancement completed, the design and analysis of the 
chassis is accomplished. 
3.7. Estimation of Discrepancy & Prediction of Structural 
Torsional Stiffness of Enhanced Conceived Chassis 
There is always discrepancy between the result of analysis and physical test. This is 
because the environment of both settings is vastly diverse. Therefore, in order to 
predict the structural torsional stiffness of the enhanced conceived chassis when it is 
manufactured, physical test has to be conducted to estimate the discrepancy. However, 
as there is limited project budget, physical test is conducted with a frame instead, so as 
to obtain an estimation of the discrepancy and subsequently predict the structural 
torsional stiffness of the enhanced conceived chassis. 
3.7.1. Outline of Physical Test 
A frame is manufactured with steel extrusions for physical test. A frame model that is 
similar to the manufactured frame is constructed using SolidWorks. Similar boundary 
conditions are applied to both the frame model and manufactured frame, so as to 
facilitate comparison. In order to execute the test, a testing apparatus is developed. The 
setup of analysis and test for both the frame model and manufactured frame are shown 




Figure 90-Setup of analysis with frame model 
  
Figure 91-Setup of test with manufactured frame 
3.7.2. Torsional Test (TT) 
Torsional test is developed to measure the structural torsional stiffness of the frame. 
Before the test is conducted, the frame is fixed to the testing platform. After the frame 
is fixed, loads are applied in a stepping manner at the lever arm of the testing platform 
in order to induce torsional deflection in the frame. Vertical displacements resulted 
from each deflection are measured with the use of digital dial gauges. Vertical 
displacements measured from the top left and right side of the frame are averaged in 
order to obtain the overall vertical displacements of the frame. The methodology of 
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acquisition of the structural torsional stiffness of the frame is illustrated in the 
following section.  
 
Figure 92-Setup of torsional test 





KT = Structural torsional stiffness (3.7.2.2) 
T  = 𝐹𝐿𝑚 (3.7.2.3) 
F  = Force applied (3.7.2.4) 
Lm  = Moment arm (3.7.2.5) 
ϴ  = tan−1[(𝑦1 +𝑦2)
𝐿
] (3.7.2.6) 
ϴ  = Angular deflection (3.7.2.7) 
y1  = Left vertical displacement (3.7.2.8) 
y2 = Right vertical displacement (3.7.2.9) 








The structural torsional stiffness is calculated through finding the torque applied to the 
frame and dividing it by the angular deflection of the frame that is resulted from the 
torsional loading. It is expressed in term of Nm/degree of angular deflection, KT. The 
torque is derived from the product of the force applied at the lever arm of the testing 
platform and the distance from the point of application to the centerline of the frame. 
The angular deflection is taken to be the angle formed from the center of the frame to 
the position of the deflected corner. Both left and right vertical displacements are 
included in the equation to take the average vertical displacement in order to generate a 
more accurate estimate of the total angular deflection of the frame. 
Equation 3.7.2.1 is utilized for the assessment of the structural torsional stiffness of the 
frame. This equation is inputted into the spreadsheet and graph is plotted to look for 
the coefficient. The coefficient is the structural torsional stiffness of the frame, KT. All 
values needed for the equation are measured from the setup of torsional test. 
3.7.3. Presentation & Interpretation of Data 
 
Graph 24-Graph of structural torsional stiffness of frame model 
y = 199.84x (CCW Loading) 





















Angular Rotation (deg) 
Frame Structural Torsional Stiffness (Nm/deg) 
Counter-Clockwise Loading Clockwise Loading
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Table 41-Table of structural torsional stiffness of frame model 
 



















Angular Deflection (deg) 
Torsional Stiffness of Frame (Combined) 
Loading, TT1 Unloading, TT1 Loading, TT2 Unloading, TT2
Loading, TT3 Unloading, TT3 Loading, TT4 Unloading, TT4












Average Torsional Stiffness, 
Nm/Deg 
1 Loading Counter-Clockwise, CCW 166.20 
165.22 
168.38 
2 Loading Counter-Clockwise, CCW 165.44 
3 Loading Counter-Clockwise, CCW 165.40 
1 Unloading Counter-Clockwise, CCW 165.26 
2 Unloading Counter-Clockwise, CCW 164.35 
3 Unloading Counter-Clockwise, CCW 164.67 
4 Loading Clockwise, CW 173.75 
171.55 
5 Loading Clockwise, CW 170.42 
6 Loading Clockwise, CW 171.85 
4 Unloading Clockwise, CW 172.85 
5 Unloading Clockwise, CW 169.29 
6 Unloading Clockwise, CW 171.13 
Table 42-Table of structural torsional stiffness of manufactured frame 
Analysis/Test Structural Torsional Stiffness, Nm/Deg 
Finite Element Analysis, 
FEA 199.95 
Torsional Test, TT 168.38 
Table 43-Comparison of structural torsional stiffness between frame model & manufactured frame 
Discrepancy = �KTFM−KTMF
KTFM
� × 100% (3.7.3.1) 
 = �199.95−168.38 
199.95 � × 100% (3.7.3.2) 
 = 15.8% (3.7.3.3) 
Where,  
KTFM = Structural torsional stiffness of frame model (3.7.3.4) 
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KTMF = Structural torsional stiffness of manufactured frame (3.7.3.5) 
The result of analysis and physical test are shown in graph 24, 25 and table 41, 42, 43. 
Using equation 3.7.3.1, the difference of the structural torsional stiffness between the 
manufactured frame and frame model is estimated to be 15.8%. This information is 
then used to predict the structural torsional stiffness of the enhanced conceived chassis, 
should it be manufactured. The predicted structural torsional stiffness is shown in table 
44. 
 Structural Torsional Stiffness (Nm/deg) 
Enhanced Conceived Chassis 3093.1 
Manufactured Chassis 2604.4 
Table 44-Structural torsional stiffness of the enhanced conceived and manufactured chassis 
3.8. Discussion & Recommendation 
Through the execution of the proposed top-down development methodology, a chassis 
model termed enhanced conceived chassis is created. The proposed methodology 
tackles the design challenge through three major phases; they are shape of chassis, 
orientation of brace and cross section of structural element. With detailed and in-depth 
parametric investigation, each aspect of the chassis model is thoroughly investigated, 
analyzed and designed. During the final phase of the design and analysis of the chassis, 
multiple investigations are performed in order to more utterly understand the 
characteristics of the chassis model. Finally, a physical test is conducted to estimate the 
discrepancy between the result of the analysis and physical test, so as to predict the 
structural torsional stiffness of the chassis model, should it be manufactured. 
One important feature that the proposed systematic and systemic approach has 
demonstrated is its design flexibility and versatility. In the project, the chassis is 
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developed with the aim of achieving the highest possible specific structural torsional 
stiffness. Nevertheless, such design requirement is not obligatory. Should one have a 
specific goal of specific structural torsional stiffness; one can take that goal as the 
design requirement. Utilizing that as the driver for the proposed design approach, a 
much lighter yet sufficiently stiff chassis can be developed. 
 
 
 
 
 
 
 
 
 
 
